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Abstract of the dissertation

MICROWAVE ENABLED FABRICATION OF HIGHLY CONDUCTIVE
GRAPHENE AND POROUS CARBON/METAL HYBRIDS FOR SUSTAINABLE
CATALYSIS AND ENERGY STORAGE
By Keerthi Savaram
Dissertation Director: Prof. Huixin He
Carbon is the most abundant material next to oxygen in terms of sustainability. The
potential of carbon based materials has been recognized in recent decades by the discovery
of fullerene (1996 Nobel prize in chemistry), carbon nanotubes (2008 Kavli prize in
nanoscience) and graphene (2010 Nobel prize in physics). The synthesis of carbon
materials with well controlled morphologies lead to their exploration in both fundamental
research and industrial applications. Graphene also commonly referred to as a wonder
material has been under extensive research for more than a decade, due to its excellent
electronic, optical, thermal and mechanical properties. However, the realization of these
applications for practical purposes require its large scale synthesis. The common method
of graphene synthesis involves reduction of graphene oxide. Nevertheless, complete
restoration of intact graphene basal plane destroyed by oxidation cannot be achieved,
limiting the application of as synthesized graphene in flexible macro electronics,
mechanically and electronically reinforced composites etc. Hence, research was pursued
in regards to achieve controlled oxidation, sufficient enough to overcome the Vander-

Waals forces and preserving the graphene domains.



One such approach reported by our group is the solution processable graphene achieved
via controlled oxidation, by the use of nitronium oxidation approach. However, toxic NOx
gases and byproducts generated during the synthesis, limits the scalability of this approach.
In this thesis, for the first time, we reported the synergy of piranha etching solution with
intercalated graphite for the controlled oxidation of graphite particles via microwave
heating in chapter 2. The controlled oxidation leads to rapid (60 seconds) and direct
generation of highly conductive, clean low oxygen containing graphene sheets without
releasing any detectable toxic gases or aromatic by-products as demonstrated by gas
chromatography-mass spectrometry. These highly conductive graphene sheets have unique
molecular structures, different from both graphene oxide and pristine graphene sheets.
They can be dispersed in both aqueous and common organic solvents without
surfactants/stabilizers producing “clean” graphene sheets in solution phase. “Paper-like”
graphene films are generated via simple filtration resulting in films with a conductivity of
2.26 x 10* S m, the highest conductivity observed for graphene films assembled via
vacuum filtration from solution processable graphene sheets to date. After 2-hour low
temperature annealing at 300 °C, the conductivity further increased to 7.44 x 10* S m™,
This eco-friendly and rapid approach for scalable production of highly conductive and
“clean” solution-phase graphene sheets would enable a broad spectrum of applications at
low cost.

Irrespective of the vast applications of highly conductive graphene, it
exhibits limited catalytic centers, is impervious, and limits the diffusion of ions. This
inadequacy can be overcome by the hole generation on highly conductive graphene.

Current approaches for large scale production of holey graphene require graphene oxide



(GO) or reduced GO (rGO) as starting materials. Thus generated holey graphene
derivatives still contain a large number of defects on their basal planes, which not only
complicates fundamental studies, but also influences certain practical applications due to
their largely decreased conductivity, thermal and chemical stability. This work reports a
novel scalable approach exploiting the wireless joule heating mechanism provided by
microwave irradiation of partially oxidized graphite intercalation compounds in chapter
3. The wireless joule heating mechanism affords region-selective heating, which not only
enable fabrication of holey graphene materials with their basal plane nearly intact, but also
engineers the edges associated with holes to be rich in zigzag geometry. The term pristine
holey graphene was given, to differentiate from the holey graphene derivatives with basal
plane defects, as reported in the literature. The pristine holey graphene with zigzag edges
were studied and explored as a metal free catalyst for reduction reactions via hydrogen
atom transfer mechanism. The pristine holey graphene nanoplatelets not only exhibited
high catalytic activity and desired selectivity, but also provided excellent chemical stability
for recyclability, which is very different from its counterpart holey graphene derivatives
with basal plane defects. It was also reported that the reduction of nitrobenzene occurs via

condensation pathway with this catalyst.

To further provide insight into combustion of graphite in air with microwave irradiation,
the stabilized intercalated graphene without point defects was used to generate holes in
chapter 4. The co-intercalated O into graphite intercalated compound act as the internal
oxidant, to oxidize the carbon, along with the surrounding air. High local temperatures
were achieved via joule heating mechanism, hence promoting combustion of graphene to

generate holes and edges. We observed that in combination to hole generation, higher



conductivity was also observed in comparison to the holey graphene synthesized in
chapter 3. The highly conductive holey graphene was tested for their electro-catalytic
activity in the reduction of oxygen. The reduction of oxygen occurs via 2e” pathway, where
peroxide with 90% yield was recorded. This opens path for onsite peroxide production in

alkaline media, and therefore allowing its use in bleaching industries.

In concern of carbon based materials being explored for catalysis, their high amount to
facilitate the reaction, limits practicality of the catalyst for industrial applications.
However, the immobilization of metal nanoparticles onto porous carbon supports,
synthesized from sustainable and cheap biomass was widely pursued. It was widely
reported that the doping of carbon support with N further improved their interaction with
the metal and promoted higher catalytic activity. In chapter 5, for the first time, the
influence of P doped carbon support on catalytic activity of Pd was reported. A single step
microwave assisted fabrication of Pd embedded into porous phosphorous doped graphene
like carbon was demonstrated. Structural characterization revealed that, the metal
nanoparticles are in the range of 10nm with a surface area of 1133m?/g. The developed
method is not only sustainable as it is synthesized from biomass and anti-nutrient molecule
(phytic acid), but also energy efficient as microwave irradiation (50sec) is used for the
catalyst synthesis. The as synthesized catalyst recorded 90% conversion with a TOF of
23000h™ for benzyl alcohol oxidation, which remained constant even after 8 recycles
indicating the stability of catalyst. Different wt% of Pd onto PGC was tested for their
alcohol oxidation capacity and found that the 3% Pd-PGc which activates O more towards

4e” in ORR has the best conversion and selectivity.



The biomass molecule phytic acid used for the synthesis of phosphorous doped carbon
support was also used as a phosphorous source in the synthesis of tin phosphides in chapter
6. Current studies have shown that sodium, a low cost and naturally abundant metal, can
act as a substituent for lithium in lithium ion batteries (LIB), hence, allowing their
applications in real world. This transition towards the use of sodium ion batteries (SIB)
has entailed research to improve the cycle stability and energy density of battery by
introducing tin phosphides as anodes for batteries. Tin phosphides exhibit a self-healing
mechanism, hence decreases the capacity decay as observed in the case of Sn metal.
However, it was reported that the self-healing mechanism is not completely reversible with
partial pulverization observed. Therefore, we pursued a time efficient method to synthesize
tin phosphide in a phosphorous doped carbon matrix (SnP@PGc) via microwave
irradiation. The SnP@PGc formed when tested as anode for SIBs, demonstrated superior
capacity of 515 mAh/g after 750 cycles at a charge and discharge current of 0.2 C. The
superior cycle stability can be attributed to the protection against volume expansion by
phosphorous doped porous carbon shell during battery charge and discharge process and

hence mitigating the pulverization of tin phosphides.
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Chapter 1: Introduction

1.1 Carbon and its allotropes

Carbon is the fourth most abundant element on earth and its various physical states as
allotropes can be attributed to its disparate hybridized electron configurations (sp, sp?, sp®).
These result in the formation of varying types of carbon-carbon bonds (single, double,
triple, aromatic), which differ in strengths and spatial arrangements of electron orbitals,
allowing their occurrence as allotropes. Based on their physical form, carbon is
differentiated as either amorphous or crystalline carbon. The former carbon form consists
of activated carbons whereas the latter exhibits a wide variety of allotropes. Fullerenes (0D
with 3 carbons connected), carbon nanotubes (1D with 3 carbons connected), carbynes (1D
with 2 carbons connected), graphite and graphene (2D with 3 carbons connected), diamond,
londsdaleite, cold compressed graphite (3D with 4 carbons connected) are the different

allotropes of crystalline carbon that exist in nature or can be synthesized (Figure 1.1).



Diamond: sp? Graphite:sp? Fullerene: sp?

Carbon nanotube: sp?

Amorphous carbon: sp®

Graphene: sp? Graphdiyne:sp2+sp

Figure 1.1. Natural and synthesized carbon allotropes [,

1.1.1. Amorphous carbon

Amorphous carbon lacks crystallinity and its low density makes it more susceptible to
harsh oxidizing reagents. Most amorphous carbons contain microscopic crystals of either
graphite-likel? or diamond-like®®! carbon. Commonly found amorphous carbon, such as
carbon black, activated carbon and coal, are synthesized by pyrolysis. The presence of
graphite-like domains in carbon black allows its use as a conductive filler in energy storage
devices and fuel cells, whereas the high surface area of activated carbon promotes its use
as a carbon support for metal nanoparticles which are used in catalysis. Figure 1.1.1

depicts the SEM images of various types of amorphous carbon.
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Figure 1.1.1. The SEM image of carbon black (a), activated carbon (b), coal (c) with its
cross sectional view (d).

1.1.2. Crystalline carbon

As the name implies, carbon atoms are arranged in a crystal lattice. The most abundant
naturally available crystalline carbon includes diamond and graphite. Diamond is known
for its strong rigidness and is mostly used in cutting and grinding tools, whereas graphite
is most commonly used as a lubricant due to the weak bonds between carbon layers, owing
to its soft and slippery properties. The synthesized crystalline carbon allotropes include

fullerenes, carbon fibers, carbon nanotubes and graphene (Figure 1.1.2).
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Figure 1.1.2. SEM images of some of the crystalline allotropes such as, carbon fibers (a),
single walled carbon nanotubes (b), graphite (c), with its cross sectional view (d).




1.2. Graphene

(d) Reduced graphene oxide (rGO) (e) Graphene oxide (GO)
Figure 1. 2. 1. Naturally occurring or synthesized 2D carbon allotropes 71,

A single layer of sp? hybridized carbon arranged in a honeycomb network is referred to as
graphene. The stacks of graphene are held together by VVander Waals forces and is referred
to as graphite which can occur either naturally or be synthesized (Figure 1.2.1.). Graphite
has been known as mineral for more than 500 years. Synthesis of single-layer graphene can
be achieved by overcoming Vander Waals attraction between the first and second carbon
layers in graphite, without disrupting adjacent sheets. In 2004, Geim and coworkers at
Manchester University exfoliated a single graphene layer using a scotch tape method,
which bestowed them the Nobel Prize in 20101, It is the strongest material by weight, and
exhibits superior properties such as (1) impermeability to ions and gasest™, (2) mechanical
stiffness (young’s modulus of 1TPa)®l, (3) strength (130 GPa)®l, (4) elasticity, (5) thermal

conductivity (>3000WmK™)[71 (6) electron mobility (2.5x10°%cm?vis1)®l (7) optical
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transparency ( ~97.7%), (8) having large spring constant (1-5 Nm™)®!, (9) sustaining high
densities of electric current!*®l (10) being chemically inert to various gases and (11) having
high surface area (2630m?g™1)[*Y, Graphene is a semi-metal with degenerate valence and
conduction band at K point in the Brillouin zone (occurring only for special unit cell
geometry and orientation relative to graphene’s high axis symmetry)™*?. The unique
properties of graphene allow its application in various fields such as electronics, photonics,
energy storage and generator, super capacitors, catalysts etc. The properties of graphene

with some of their applications are listed in Table 1.2.1.

Table 1.2.1. The property of graphene and its respective applications.

Graphene Property Application

Transparency with electrical conductivity | Flexible and optical electronics

Electrical and thermal conductivity Graphene-based paints for conductive ink,
in Li ion batteries as conductive filler to
improve electrical conductivity and to help
dissipate the generated heat via thermal

conductivity.

Large surface area Support for loading metal nanoparticles

Large surface area + chemical purity + ease | Sensors for the detection of glucose,

of functionalization cholesterol, hemoglobin, drug delivery,
etc.

Large surface area + conductivity Super-capacitors

Mechanical strength Tissue engineering and regenerative
medicine




The mentioned applications depend on reliability of producing high quality single-layer
graphene in a scalable approach. The top-down or bottom-up approaches are two different

strategies involved in graphene synthesis as shown in Figure 1.2.2.

(a) Micromechanical (b) Anodic Bonding () Photoexfoliation
cleavage

Positive Electrode

Sticky tape

Substrate

Negative Electrode + Heater fﬁgiﬁﬁmﬁﬁgﬁmﬁ

(d) Liquid phase (e) Growth on SiC " Precipitation from
exfoliation (0001) metal
Dispersed R /" si-Face
graphene Yy
e 797"y ansic

Metal substrate

\d,,ullmsound
Chemical synthesis

=

(2) Chemical Vapour () Molecular beam (i

Deposition
< Hydrocarbon gas

- -

Metal substrate Substrate

Figure 1. 2. 2. Different production and processing techniques of Graphenel*?l,

1.2.1. Bottom-up approach

The bottom-up approach is achieved through organic synthesis of small molecule
precursors such as hexa-peri-hexabenzocoronenel*l, N,N"-bis(2,6-diisopropyphneyl)-
3,4,9,10-perylenetetracarboxylic diimide and  polycyclic aromatic hydrocarbons
(PAHS) 81, Uniform single-layered graphene can be produced by this technique, however

limited size range of starting molecule hinders the application of this technique for



synthesis of large graphene sheets. The use of large macromolecules can solve this
problem, nonetheless they become insoluble in reaction media and also lead to unwanted
side reactions, thereby degrading the quality of graphene sheets. Substrate-assisted growth
can be used as an alternative to generate single-layer graphene sheets up to several um in
lateral size. The substrate acts as a catalytically active solid support and aids in synthesis
of single- layer graphene. This technique, Chemical Vapor Deposition (CVD), is used to
synthesize high quality graphene for its use in various electronic and photonic applications.
The cheap transition metals, such as Cul”l and Nil*®l, are most commonly used substrates
(Rul®l ptl201 pdl2t - etc., were also used). In this technique, hydrocarbon source
decomposes and after nucleation, the conditions need to be carefully controlled to promote
crystal growth and prevent growth of additional layers. Another technique involves the
production of graphene from silicon carbide (SiC). It was reported as early as 1896 by
Achesont?? for lubrication purposes, and this technique is referred to as epitaxial growth.
Graphene forms much faster on carbon surface rather than on silica surface, due to large

mismatch between SiC and graphene 40 %1,

The bottom-up approach facilitates the synthesis of graphene with controlled morphology
[18&]  Besides high temperature demand, the use of substrates and lengthy synthesis

procedures often limit the scalability of these approaches.

1.2.2. Top-down approach

The top-down approach of graphene synthesis involves the use of graphite as a precursor
and its exfoliation. The mechanical exfoliation of graphite delivers high quality graphene,
however, suffers from the drawback of high throughput and yield. Laser ablation?* and
photo exfoliation[?® techniques can also be pursued to achieve high quality graphene.
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These techniques utilize laser pulses to exfoliate or ablate graphite flakes. The process is
best implemented under inert and vacuum conditions. However, this technique is still in its
infancy with further development needed. Hence, exploration to synthesize graphene in a
scalable approach has been pursued. The most common way to synthesize graphene is
through the reduction of graphene oxide. In 1859, Brodie!?®! demonstrated that adding
potassium chlorate (KCIO3) in fuming nitric acid (HNO3) to graphite reaction mixture
results in oxidation of graphite. Later in 1898, Staudenmaier?” improved this protocol by
adding sulfuric acid (H2SO4) in HNO3 and gradually incorporating KCIO3 into graphite
mixture to achieve oxidation of graphite. In 1958, Hummers 81 reported the addition of
potassium permanganate (KMnQj4) and sodium nitrate (NaNO3) in a mixture of H>SO4 and
HNOs to oxidize graphite. This method was further modified by decreasing NaNO3 and
increasing KMnOs amount. The principle involves disruption of VVander Waals forces in
graphite layers by their oxidation. The graphite oxide upon mild sonication or dispersion
leads to their exfoliation to graphene oxide (GO), Figure 1.2.1. GO, nonetheless
compromises the unique properties of graphene due to heavily oxidized groups at edges
and on their surface. Hence, high temperature annealing® or reduction via chemical
reagents, such as hydrazine®%, or both! are required. Other reducing agents such as
NaBH4F?, ascorbic acidl®l, hydroiodic acid®¥, etc., or microwave treatment of graphite
oxide is necessary to restore the compromised properties in GO and is referred to as
reduced graphene oxide (rGO), Figure 1.2.1. Recently, Manish et al. developed a high
quality graphene from microwave-assisted reduction of partially reduced GOE®l. The

scalability of these approaches is not plausible, due to their low quality graphene in some



scenarios, lengthy reaction times, post treatment of product, extensive cleaning procedures,

metal impurities trapped within the product during their synthesis, cost etc.

Liquid phase exfoliation of graphite through sonication in either organic solvents or
aqueous surfactant solutions was developed to yield single to few-layer graphene free from
oxides and structural defects. Thin graphene films were fabricated by vacuum filtration of
as prepared graphene dispersions, which exhibited superior conductivity.
Graphene/polymer composites, which have application in microelectronic devices, can be
synthesized by direct addition of polymer into graphene dispersion. Liquid phase
exfoliation provides a simple and cost-effective way to fabricate moderate to high quality
graphene sheets, without requirement of expensive substrates. The mechanism underlying
liquid phase exfoliation can be elaborated from a thermodynamic point of view, as the
enthalpy of mixing, combined with charge transfer between the carbon layers of graphite
and solvent molecules 1. Organic solvents with surface tensions and energies similar to

that of graphene were found to be effective dissolution media using the expression®@

AHmix

2
= ﬁs (\/ Es,s A ES,G)ZQG

Vmix

Where AH,,;, is enthalpy of mixing, Vi, is the volume of mixture, Ty is the thickness
of graphene sheet, Es ¢ and E ¢ are the surface energies of solvent and graphene, and @,
is the volume of graphene dispersed. Good exfoliating solvents based on the above
equation include 1-methyl-2-pyrrolidinone (NMP)B7 381 ortho-dichlorobenzene (o-

DCB)E and N,N-dimethylformamide (DMF)[4%l,

The zeta potential and electrophoresis measurements of liquid exfoliated graphene
indicates that the dispersed graphene is either positively or negatively charged. The actual
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charge is dependent on solvent used, and hence preventing the exfoliated graphene
aggregation in solvents. The charge transfer mechanism allows for exfoliation of graphite
in solvents such as ionic liquids™! and chlorosulphonic acid?, due to their strong
interactions with m electrons of graphite/graphene owing to their ionicities. These liquids

are costly and hence cannot be scaled up.

Water is an ideal solvent for numerous biological applications, due to its biocompatibility
and non-toxicity. The highly hydrophobic nature of graphite/graphene prevents its
exfoliation and dispersion in water and other hydrophilic solvents. Hence, surfactants such
as sodium cholatel*, sodium dodecyl benzenesulfonatel*l, pluronict*®! or polymers such
as polyvinyl pyrrolidonel®®, pyrene derivatives“’], etc., were used for the exfoliation and

stabilization of dispersed graphene.

Nevertheless, water is not an ideal choice for graphene-based electronic devices because
of the dielectrics at interface which enhances charge trapping phenomenonel. The use of
surfactants to stabilize water-dispersed graphene reduces the electrical conductivity of as
fabricated devices. NMP and DMF, commonly used solvents which aids in graphene
exfoliation are toxic and irritants 1% 591 Apart from toxicity, complete removal of these
solvents is necessary for graphene to be used in electrical measurements. Residual solvents
have a strong impact on the performance of these devices and thus dispersion of graphene
in low boiling point solvents such as ethanol is preferred. Low boiling point solvents
exhibit lower surface energies than that of graphite hence pose difficulties in regard to their
exfoliation. Hence, a simple solvent exchange technique was reported to disperse the

exfoliated graphene in NMP to ethanol, with a conductivity as high as 1130cm™. A
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summary with different approaches to synthesize graphene and its applications is listed in

Table 1.2.2.

Table 1.2.2. The property of graphene and its respective applications.

Method Crystalli | Sample Charg | Application | Quality | Disadvantage
ne size | size(mm) | e of  the | of this method
(um) carrier graphen
mobili e
ty
Mechanica | >1000 >1 >2X Research High Scalability
I 10°
exfoliationl
4a]
Chemical | <0.1 Infinite as | 100 Coatings, Low- Toxic
exfoliation! a layer of paints, ink, | moderat | chemicals,
51 overlappi composites, | e need of large
ng flakes transparent, solvents  to
conductive clean the
layers, synthesized
energy product,
storage, bio unnecessary
applications functionalizat
ion of
graphene.
Reduced ~100 Infiniteas | 1 Coatings, Low- Strong
GOl ¢ 52] a layer of paints, ink, | moderat | oxidizing
overlappi composites, | e agents, need
ng flakes transparent, of large
conductive solvents  to
layers, clean the
energy synthesized
storage, bio product, need
applications an additional
heating step
(high
temperature)
to restore the
properties of
graphene,
lengthy
reaction times
cvDla 1000 1000 10000 | Photonics, Moderat | High
18a-d] nanoelectroni | e-high | temperature,
cs, transfer
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transparent, process
conductive necessary,
layers, expensive
sensors, bio owing to large
applications energy
consumption,
removal  of
metal
catalyst.
Sicll 50 100 10000 | High Moderat | High cost of
frequency e-high SiC, high
transistors temperature
and  other (>1000°C)
electronic not
devices compatible
with the Si
electronics
technology,
small
diameter
wafers,
elimination of
terraces
Liquid Electronics, | Moderat | Large
phase Catalytic e to high | quantity  of
exfoliation applications solvents
etc

After sonication of graphite flakes with respective solvents, the dispersion contains a
mixture of graphite flakes with exfoliated graphene, which is separated by centrifugation.
The yield of graphene is as low as 0.025mg/mlI®4, indicating the inaccessibility of inner
graphene layers by the solvent. The distance between graphene layers in pristine graphite
is 0.34nm, which is too small to be accessed by most solvents. Hence, the interlayer
distance can be increased by introduction of intercalants. The exfoliation of Graphite
Intercalation Compound (GIC) can be achieved either by solvent-assisted exfoliation[®! or
by thermal exfoliation[6l. In former case, the GIC’s are sonicated with solvents, while in

latter case, acid intercalated graphite is treated thermally or via microwave irradiation. In
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either case, the graphene sheets need to be dispersed by either mild sonication or stirring.
The thickness of as synthesized graphene sheets depends on intercalation stage and stability
of GIC under atmospheric conditions. The use of stage 1 GIC (where every alternating

layer is intercalated) leads to synthesis of single to few-layer graphene sheets.

The GIC’s can be synthesized by either solid, liquid or gaseous intercalants and can be
achieved either via single or multiple steps (when direct intercalation is not possible).
Donor intercalants such as alkali earth metals, metal alloys or acceptor intercalants such as
metal chlorides, halogens, acidic oxides, etc., are commonly used to achieve intercalation
of graphite. The enlarged interlayer distance allows for the accessibility of inner graphitic
layers and hence enhances the exfoliation process. The intercalation of graphite can be
obtained by using a mixture of HSO4 and HNOs3 (1:1 ratio)®8, H,SO4 and H20, (20:1
ratio)®® 5% FeCls via vapor transport techniquel®, ammonium bicarbonatel®!], using
potassium or sodium potassium (NaKz) metall®?, etc. The as obtained intercalated product
is sonicated via probe or ultra-sonication or stirring for a wide range of time intervals to
attain single to few-layers of graphene in solution phase. These techniques make use of
NMP or polar solvents to achieve their dispersion, with yields as high as 12wt%. The use
of acids such as HNOs leads to generation of toxic NO2 gas whereas the use of FeCls
requires extensive cleaning to remove unreacted FeCls from reaction mixture. The alkali
earth metals such as Na and K require careful handling in glove box, limiting their
scalability. A list of some of the intercalating agents, along with their uses is listed in Table

1.2.3.
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Table 1.2.3. The summary of GIC’s synthesized with intercalating agents and the use of

exfoliated graphene.

graphite 400um

H2SO4+ KCIO3

Graphite type Intercalating Use

agents
[3ICommercial Oleum, TBA In | To synthesize graphene in large scale in various
expanded graphite | DMF solvents and to study various properties of
(160-50N of graphene via Langmuir Blodgett films.
Grafguard)
[4lMildly oxidized | TBA in DMF Study of the ionic screening effect in graphene
graphite with transistors
unreacted graphite
(%5INatural flake HNO3 + The study of mechanism involved in thermal

expansion and exfoliation of oxidized graphite

(grade 3061) and (Staudenmaier

45 um (grade 230) | method)

from Asbury

carbons

[6lGraphite H2SO4 H3POs, | The study of various co-intercalants in the
GTOSCh CH3COOH graphite nitrate intercalated compound is
(Taiginka pursued.

occurrence

[71Graphite

Carboxylic acid,
H202

Synthesis of graphite platelets, nanoplatelets
and flexible sheets was studied with the
intercalated graphite.

[eINatural graphite | H2SO4 (98 wt%) | High quality graphene sheet synthesis by liquid
80mesh 99wit% and H202 face exfoliation is studied.

(30wWt%)
[%8INatural graphite | FeCls The characteristic features of few-layer
flakes (ABCR graphene with a large lateral size is studied
Karlsruhe, along with its application in lithium-ion
Germany) batteries.
[¢lExpandable Ammonia The characteristics of few-layer graphene
graphite from synthesized from expanded graphite is studied.
Carbone Lorraine
192G raphite from Potassium, The intercalation and exfoliation of graphite
Cornerstone Inc. Cesium nanoplatelets was studied.
[IHOPG Ammonium Simple and fast method for the synthesis of

bicarbonate graphene that is used in field-effect transistors
["IHOPG SPI-3 LiCIO4 + High yield synthesis of few-layer graphene
10x10x1 from Propylene through electrochemical expansion, conductive
SPI. carbonate sheets developed by sonicating the expanded
Graphite powder graphite in various solvents
from Asbury
Graphite Mills
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["2Graphite KCI:NaCl:ZnCl, | Study of simple and cost-effective
powder from Bay | (eutectic intercalation-based exfoliation for the synthesis
Carbon Inc (SP-1 | mixture) of high quality graphene flakes

graphite powder) | 0.2:0.2:0.6

["lGraphite FeCls + The study of a scalable method for high quality
Source not Nitromethane graphene synthesis via low temperature
mentioned exfoliation of graphite under mild chemical

conditions

["1Graphite foil Bromine The suspension of high quality graphene via
(99.8% metal solution-based Br intercalation and mild sono
basis) thickness chemical exfoliation is studied.

0.5mm

Source not

mentioned

["IHOPG SPI, IBr, IClarethe | The study of solution phase technique for
Grade SPI-2 ionic production of large area, bilayer and trilayer
#466HP intercalants used | graphene with controlled stacking was pursued.
["!INatural graphite | K metal It was studied that the thermodynamics drive
from Aldrich, spontaneous dissolution of graphite compound
Expandable in NMP to form stable solutions.

graphite (Nacional
de Grafite, Brazil)

[l Graphite
powder from
fluka. Particle size
<100pm

1,1’-Didodecyl-
4.4
bipyridinium
bis(triflimide)
(ILC)

Easy and cost-effective route for the mass
production of graphene nanosheets was
designed for real world applications

["®lNatural graphite
powder (SP-1
Graphite, Bay
carbon)

KI + anhydrous
dichlorobenzene

High quality graphite flake synthesis without
oxidation is pursued.

We recently developed a fast, scalable, and oxidative approach without involving

metallic compounds to directly and controllably produce highly conductive graphene

sheets that can be dispersed in both aqueous and organic solvents without the aid of

surfactants.’® In the recent work reported by our group, KMnOg (as is used in Hummers

and Tour’s methods) was intentionally excluded while nitronium aromatic oxidation

combined with microwave heating (fast and local heating) was exploited. The unique

process leads to a controllable oxidation of randomly positioned carbon atoms across entire
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graphene sheets, so that a low density of oxygen containing groups was observed and is
shown to be sufficient enough for exfoliation and dispersion of graphene into aqueous
solutions. The dispersed graphene sheets are highly conductive and do not require further
reduction 8%, By adjusting the concentration of nitronium ions, size of graphene sheets can
be controlled from a um to nm range . Unfortunately, the use of nitronium ions results
in release of NO» a potentially toxic gas, and generates toxic polycyclic aromatic
hydrocarbons as a byproduct.

In chapter 2, an eco-friendlier approach, which retains the merits of nitronium oxidation,
and without releasing toxic gases or generating potentially toxic polycyclic aromatic
hydrocarbons as a byproduct, was realized. This new approach replaces the mixture of
H>S04 and HNOs and exploits carbon oxidation chemistry by utilizing piranha solution, a
mixture of H.SO4 and H2O». To gain access to the inner graphite layers, intercalation was
pursued by ammonium persulfate and sulfuric acid. The obtained graphene can be
exfoliated into water and other organic solvents with yields as high as 0.4mg/ml and
conductivity as high as 2.3 x 10* S m™, which further increased to 7.4 x 10* S m™* upon

thermal annealing at 300°C.

1.3. Edge Graphene

The disruption in aromaticity of n- conjugation in graphene network alters the properties
of graphenel®, creating edges. Edges generated at the disrupted sites, can be differentiated
as zigzag edges or armchair edges based on their crystallographic orientation, Figure 1.3.1.
The atoms come from same sub lattice in zigzag edges, whereas in the case of armchair
edges, carbon atoms are from two sub lattice forming different boundaries. The atomic

structure at the edges determines different chemical reactivity and electronic properties 21,
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which differ from chemical reactivity of the basal plane®. Under an ideal vacuum
condition, edges are di-radicals with unsaturated sp? and p; orbitals 3, A radical singlet is
observed in the case of zigzag edges [® (p, electrons on each outer carbon atom) and is
commonly referred to as an edge state, whereas the electrons of an armchair edge form a
triple bond between outer carbon atoms to reduce their energy®’. The reconstruction of

edge states in zigzag edges to either pentagonal or heptagonal structures is necessary to

lower their energy.

Graphene 2D crystal

Figure 1.3.1. The schematic of edges in graphene, with macroscopic view of zigzag and
armchair edge in graphene nanoribbons, as shown here. The resonance observed via Clar’s
structures of respective edges are shown in the insets.
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Similar to PAH, the aromaticity of graphene and its reactive edges can be defined as
overlap of different isomeric Clar’s structures (Clar’s rule, the Kekulé’s resonance
structures in largest number of disjoint aromatic m sextet)!®l. The edge studies were
conducted in quasi one-dimensional nanostructure obtained by finite termination of
graphene structures, referred to as graphene nanoribbons. The theoretical® and
experimental® works show that the quantum confinement and edge effects result in a
bandgap in the as synthesized graphene ribbons. In a semi-infinite ribbon, zigzag edges
exhibit infinite Clar’s structures, whereas limited structures were exhibited by armchair
edges, indicating high reactivity in former case. The overall aromaticity and chemical
reactivity depends on width of the nanoribbon. The major difference between zigzag and
armchair can be inferred to, as the presence of localized double bonds in former case and

presence of either an aromatic ring or localized double bond in the latter case, Figure 1.3.1.

The edge in graphene of nanometer size can be developed by controlled chemistry of small
molecules on a substrate. One such technique allows the dehalogenation and radical
formation in first step, which is followed by cyclo dehydrogenation®l. The molecule’s
chemistry can be tuned to control parameters such as the type of edge and size of
nanoribbon. Other approaches include etching the surface of graphene with a scanning
tunneling  microscope  (STM)I®2  etching facilitated by thermally-activated
nanoparticles®, sonication and exfoliation of graphitel®®! lithography®®* %1 chemical

vapor deposition!®!, and unzipping of carbon nanotubes either by physical means (plasma

etching!®® or laser irradiation®) or by chemical methods (strong oxidizing agents[®®l).
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1.4. Holey Graphene

Highly conductive graphene sheets offer zero bandgap and the tortuosity of ion transport
across basal plane is deemed infinite, hindering the accessibility of ions. The intact
graphene sheets are also expected to have limited catalytic centers. This limits the
application of graphene in fields such as transistors and catalytic reactions. The synthesis
of nanoribbons, which alters bandgap by generation of edges, is one approach for the use
of graphene in transistorst® *°l. For practical applications, a dense ordered nanoribbon
array is required to increase driving current. This implies the necessity to scale up
production of nanoribbons, which is not realistic. Apart from the edges, generation of holes
on graphene basal plane also opens the band gap, leading to a change in its electronic

properties®l,

Hence, in order to overcome the inadequacy in relation to ion transport, holes are drilled
onto graphene sheets. These holey structures not provide a “short cut” for efficient mass
transport, but also possess significantly more catalytic centers due to increased edges,
which alters the band gap. It was reported that, the holes increase overall volumetric
performance in super-capacitors 1%, The unique properties of holes in basal plane leads
to a wide range of applications, which cannot be achieved by its non-porous counterpart,
such as electro catalytic applications 1%, catalytic reactions!*® etc. Holey graphene (hG),
also referred to as graphene nanomesh, differs from porous graphene, which is widely
explored. The main differences between these two graphene structures are listed in the

Table 1.4.1.
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Table 1.4.1. The comparison between porous and holey graphene.

Porous graphene

Holey graphene

Physical space between graphene layers

Vacancies created by the conversion of in-

plane atoms to edge atoms

3D network

2D structures

Graphene assembly

Graphene structural derivative

Low performance per volume

High volumetric performance

No such additional active sites are

generated

Atoms at the edge are more active and

similar to defect sites

No such additional faradaic storage

pathways are observed

Abundant functional groups arise in some
cases, which lead to additional faradaic

storage pathways

In hG, the holes can be drilled by knocking out in-plane carbon atoms, which provide

channels for efficient cross-plane ion diffusivity and tolerance to structural deformation.

The advantages of hG over porous structures include:

1. Facile ion transport through in-plane vacancies, which offers less resistance and

new diffusion channels for Li ion transport [1041,

2. High packing density by interconnecting graphitic domains

3. Sustained structural integrity due to high flexibility of graphene sheets, which can

accommodate large volume variations(*%!

1.4.1. Applications of holey graphene

1. Electrodes for super capacitors and batteries: The high surface area in combination

with either hole formation or pore formation promotes ionic transport and high

volumetric performance. The oxygen functional groups at edges impart additional

faradaic storage and better electrode wettability [1°6],
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2. Membrane applications: High precision holes on an ultrathin graphene membrane
was used for the separation of gas molecules'®”1, whereas thinner membranes are
sufficient enough for water purification*%l. The main challenge in using graphene
membrane for water purification includes its ability to withstand a high flow of
water and pressure, ion blockage, membrane fouling, etcl!®l. The ultra-thin
graphene membranes are also used to detect the translocation event of biomolecules
such as DNA, where blockage/turbulence created during the ion conduction can be

detected and analyzed!*],
1.4.2. Synthesis of holey graphene

In order to realize the applications of hG, large scale synthesis of hG is necessary.
Various approaches were discovered for hG fabrication which includes: electron beam
drilling, nanolithography or template growth, are the common techniques applicable
for hG synthesis via substrate supported graphene. In these high throughput methods,
holes with controlled shapes could be formed on graphene. This hG can be used for
morphological and electronic measurement kind of applications. High energy
bombardment with ions or electrons could also lead to holes on graphene surface with
techniques such as transmission electron microscopel**%. Pores of different shapes and
arrays can be generated by controlling the position and/or movement of electron beam.
High precision and highly localized holes can be obtained via this technique, but
exhibits the limitation of scalability.

Nanolithography: This technique involves high throughput when compared to
electron beam drilling, and is comprised of multiple steps: (1) substrate-assisted growth

or deposition of graphene, (2) a porous template to cover the surface of graphene, (3)
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etching process, (4) removal of template or mask. In this technique, an inert template
IS required to generate holes and prevent any morphological changes on the graphene.

The template can be either block copolymer'? or nano-imprint templates (31,

Template growth: Entails bottom-up growth of hG using CVD with gaseous carbons
such as methane. This technique differs from nanolithography (graphene is first grown
or deposited onto a substrate covered with nano-templates and then selectively etched),
where the carbon source is first deposited on an active substrate, which is followed by

CVD growth of graphenel**4],

The above-mentioned approaches suffer from a serious limitation of scalability due to
their long and complicated reaction procedures and the cost involved in their
fabrication. The scalable method for holey graphene synthesis involves the use of either
GO or rGO. The defect sites in GO or rGO serve as seeding sites for hole growth. The

common techniques include:

Liquid phase oxidation: Several approaches were explored through the use of
oxidizing agents to selectively etch graphene/graphene oxide sheets. The holey
graphene can be synthesized by use of KMnO4 with HNO3 and H2SO4 with graphite
via microwave irradiation!**l. In this approach, nitronium ion attacks the existing
defects and graphitic carbons, whereas KMnOa preferentially reacts with the existing
defects, generating holes. When GO was used as the starting material, KMnOs alone is
sufficient enough to create holes 61, However, the liquid exfoliated graphene upon
treatment with KMnO4 and hot HCI generates only few holes due to the presence of

fewer defects™'7. The above results indicate that the hole generation depends on type
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of graphene used. Below is a summary of starting graphene and the nature of oxidizing

agents used to generate hG, Table 1.4.2.

Table 1.4.2. The Summary of synthetic approaches of hG synthesized via liquid
oxidation approach.

Starting product | Oxidizing agents Treatment Product | Ref

used technique

Graphite HNOs, H2SOs, KMNO4 | Microwave | hGO | 1119
irradiation for
40sec

GO KMnOy Microwave |hGO | [
irradiation

Exfoliated KMnOj4 + hot HCI Room hG (117]

graphene temperature

GO Conc. HNOs; Bath hGO [118]
sonication

Chemically Conc. HNOs; Reflux for 4- | hG [119]

reduced GO 11hrs

GO H20: Hydrothermal | hG [101a, 120]
treatment

rGO Au / H202 uv hG [121]
photolysis

GO Horse radish peroxidase | Incubation hG [122]

(HRP)

rGO ZnCl2/CO; 650°C  for | Porous | %
2hrs GO

GO CO2 800°C for | Porous [124]
25,60,75mins | ©
in CO2
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GO ZnCl, and H3PO4 Freeze drying | Porous | [*?°]
+ 300°C for | GO
1hr

Gaseous phase etching: The thermally reduced GO exhibits intrinsic point defects,
formed from parent GO. Holey graphene can be synthesized by its oxidation or due to
quick release of gaseous byproducts such as CO». The scalable production of hG can

also be obtained by controlled air oxidation of GO or rGO, where hG was formed at

temperatures as low as 390°C, when heated for a duration of 1hr. An increased duration

or increased temperature did not lead to increased hole size, but did increase hG’s
electrochemical capacitance. The increased capacitance was accounted to, based on the
following hypothesis. In initial phase, gasification of defective carbon is observed,
followed by oxidation of graphitic carbon (functionalization of edges in the holes,
which enhances faradaic storage capacity in supercapacitors)i!®a Flynn et al.
demonstrated that, hG can be synthesized by puncturing of holes through thick
graphene sheets via air oxidation™?®, where hole density was high in single-layer
graphene. The gaseous etching technique was also applied for substrate supported
graphene nanosheets, one such example includes air oxidation of substrate-supported

GO under room temperature with UV light radiation 1271,
Chemical activation: Ruoff and coworkers applied the phenomenon of active carbon
activation with KOH, to generate holes in GO. In this scenario, microwave-exfoliated

GO was treated with KOH at 800 C for 1hr to generate high porosity activated

graphene with in-plane holesl*?®l. The generation of holes with KOH was applied to
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GO filmsi*?! t-rGO (thermally reduced GO)!%8 and crumpled GO, Another
approach includes, planetary ball milling of GO for 30hrs with KOH, which resulted in
3D porous structures with in-plane holes. Precautions must be taken due to high KOH

usage.

Guided etching with catalytic reactive nanoparticles: Chemical etching of graphene
is promoted with the aid of nanoparticles deposited on graphene surface. The
nanoparticles in this technique serve as a catalyst or active reactants, whereas in
nanolithography, the nanospheres functions as mask. The shape control of holes and
regularity of hole arrays are not of very high quality and precision as observed in

nanolithography. Examples include, Ag nanoparticle decorated graphene hybrid,

where the exposure of reaction mixture to air at 300°C yields hG[*3H. Weiss et al used

Au and Pt nanoparticles by thermal oxidation in airl**? to generate hG, where Au
nanoparticles catalyzed the oxidation of H20: to yield hydroxyl radicals, which react
with rGO to form hG 21, Other approaches include photochemical etching of GO by
the use of ZnO nanorods™*®! and TiO. nanoparticles!*3¥. In another approach, Cu
nanoparticles™™®, in a reductive atmosphere such as Hz can cause the catalytic etching
of graphene. However, additional treatment to remove the nanoparticles is necessary in

this approach.

All the above techniques exhibit limitations in terms of cost, scalability, synthesis

procedures. In chapter 3, a novel technique to synthesize holey edge graphene was pursued

combining the advantages of holey and edge graphene via microwave approach. By

controlling microwave irradiation, knocking of in-plane carbon atoms to generate holes in

graphene basal planes can be controlled. The intercalation was achieved similar to the
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process as described in chapter 2. In chapter 3, the intercalated graphite stabilized with
O2 is heated thermally to partially oxidize the graphitic domains. This creates point defects
and is referred to as partially oxidized graphite (POG). POG upon microwave irradiation
generates holey graphene with edges (POG-HE). The HRTEM suggests absence of defects
on basal graphene plane with limited oxidation as recorded via XPS (96.37% C and 3.63%
0). Hence, it was referred to as pristine holey graphene to differentiate from holey graphene

reported so far using GO, rGO, Figure 1.4.1.

Holey Pristine Graphene

Figure 1.4.1. The schematic of holey graphene reported in literature with its comparison
with pristine holey graphene reported in our work.

Following this approach, microwave irradiation chemistry is pursued on intercalated
graphene without point defects in chapter 4. Here, intercalated graphite with Oz (IGO) was
used, where it was hypothesized that, the trapped O in between layers of graphite and
surrounding air, serves as oxidant to knock out in-plane carbon atoms with the high local
temperatures achieved by microwave chemistry. Similar to POG-HE, the holey edge
graphene obtained by this approach (IGO-HE) exhibits a defect-free basal plane with less
oxidation (97.02% C and 2.98% O). The IGO-HE reports a higher conductivity (35,195
S/m) when compared to that of POG-HE (17,514 S/m), indicating higher crystalline

graphitic domains in the former case.
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1.5. Microwave chemistry

Exploration of environmentally benign methods for fabrication of various carbon based
materials and metal nanoparticles was being pursued in both academia and industry.
Microwave chemistry has gained immense attraction due to its selective heating of
materials, shorter reaction times, low energy consumption and higher product yields. The
mentioned advantages render microwave chemistry processes to be green %l To best
describe the importance of microwave in chemistry, Hayes used following figurative
expression: “Microwave synthesis: Chemistry at the speed of light, it is a breakthrough
technology for chemistry: an idea whose time has come. The technology tends to rapidly
evolve and exhibits a dramatic impact in the world of chemistry” 1371, Microwaves are
electromagnetic waves with frequencies ranging from 0.3 to 300GHz and with wavelengths
ranging in between 1mm to 1m. They lie in between infrared and radiofrequency waves in

the electromagnetic spectrum, Figure 1.5.1.

- Energy increases

Short wavelength Long wavelength

[HIAYAYAVAVAVAVAVAVAVAN

10~ nm 103 nm 1nm 10°nm 10° nm 1m 10°m
1 1 1 1 1 1 1

Infrared Microwaves Radio waves
T T T T T T
10'2Hz 10'Hz 108 Hz 10%Hz 10*Hz 102Hz

Low frequency

Gamma rays X rays Ultraviolet
T T T T T
10%*Hz  10%2Hz  10°Hz 10'8Hz 10'°Hz

High frequency

Visible light

7 X 10" Hz 4X10"Hz

Figure 1.5.1. The Electromagnetic spectrum and their wide range of wavelength [38,

Microwave heating of the material depends on its absorption of electromagnetic energy

and its conversion to heat. It is independent of thermal conductivity of the surrounding
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materials, thereby providing an instant on and off heating mechanism. The microwaves
used in laboratory research and in common households contain a frequency of 2.45GHz
with a wavelength of 12.24cm. The energy of a photon of this frequency is too low to break
chemical bonds in the moleculel*®, but sufficient enough to initiate rotation of dipoles.
The dipole rotation induces translation motion of free or bound charges in the reaction
medium, i.e. rotation of dielectric or magnetic dipoles, leading to heating. An additional
heating mechanism of microwaves is via induction of ohmic currents or ionic conduction

or via Joule heating in case of conductive materials.

The microwave heating mechanism is different from traditional conventional heating
methods and is explained with regard to the type of material used in microwave synthesis.
In case of water, a polar molecule, microwave heating leads to a change in orientation of
water molecules, within the rapidly changing alternating electric field. This generates heat
by rotation, friction and collision of moleculesi**®l. In case of ionic compounds, the
alternating electric field causes movement of ions in changing directions. This leads to
friction and collision of ions, causing local temperature in the reaction media to rise 411,
In case of semiconducting and conducting samples, ions or electrons generate electric
currents upon microwave adsorption, where the electric field tries to realign. Hence, the
kinetic energy of ions or electrons generates heat due to molecular friction and random
collisions *91. In case of magnetic and high electrically conductive materials, magnetic
loss provides additional strong heating 4?1, The following Table 1.5.1. differentiates
microwave heating vs traditional conventional heating, with depiction of high local

temperature in Figure 1.5.2.
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Table 1.5.1. The comparison of microwave

vs conventional heating.

Microwave heating

Conventional heating

Efficient and uniform heating

Inefficient and non-uniform heating

Instant on and off

Instant on and off is not possible

Selective heating of materials

Initial heating of the reactor followed by
simultaneous heat transfer to reactants

either by conduction or convection

Contactless heating

Reactor acts as an intermediate media for

heat transfer

Short reaction time to achieve target

temperature

Long reaction time to achieve target

temperature

Surrounding environment temperature is

low

Surrounding environment temperature is

high

Inverted thermal gradient is observed

Thermal gradient observed

Eg: Microwaves

Eg: Electric furnaces, oil bath, etc.

Max: 624
Time=60 Surface: temperature (T)
T T

0.0372}

1 1450

o

-8:8382
-0.0372 |-

88439

=

i Lt 300
-0D066 TD000BES

Min: 298

Time=60 Surface: temperature (T) bl
RS ey i

0.0372 460

o

883651

-0.0372
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-6M06STDOMBES Min: 315

Figure 1.5.2. The picture depicting uniform heating of reaction volume via microwave
towards left and its comparison with heating of reaction tube first followed by reaction

volume in the conventional method 1431,
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The synthesis of carbon nanomaterials, which are emerging as important components in
various electronic and catalytic applications, tend to be immensely important. Initially,
microwave heating was pursued in the purification, functionalization or in annealing of
carbon structures. Several parameters need to be considered to achieve high absorption of
microwave irradiation by these materials. The two important parameters that determine
microwave absorption by the material are penetration depth and loss factor. Quartz glass
and Teflon exhibit a low loss factor and a high penetration depth, hence making them quasi
transparent to microwave irradiation 44, In case of conductive materials, the penetration
depth is skin-deep and is dependent on conductivity and permeability of the materiall*4%],
whereas surface heating is observed with materials exhibiting a high loss factor and low

penetration depth.

CNTs/graphite/metal carbon nanoparticles exhibit small skin depth, but microwave heating
is not limited due to their nano-sized particles and are therefore heated in their entirety!*42°],
The parameters to be considered for effective microwave heating in case of carbon
materials is electrical conductivity imparted by the n-m conjugation and imperfections
leading to electrical resistance, where microwave heating occurs by joule heating
mechanism. The presence of oxygen functional groups on carbon having smaller n-n
conjugation lowers electron mobility and thereby decreases the efficiency of microwave
heating. Hence, oxidized carbons like graphene oxide are not microwave absorbers**¢l.

The microwave irradiation of amorphous carbons can achieve temperatures as high as

1283°C in 1min471. Unpurified CNTs (HiPCo) can reach temperature as high as 1850 C,

which upon removal of metal impurities recorded a temperature of 500 to 650°C[148],
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indicating microwave absorption efficiency due to the presence of metal. Additional
heating in carbon materials was observed in some scenarios such as: (1) material-specific
absorption of microwave irradiation, which leads to generation of strong local heating with
localized hot spots. This leads to additional heating in the case of conductive materials [147],
(2) The loss factor increases significantly with temperature, as a result, thermal runway,
leading to super high heating, is observed throughout the course of microwave
absorption[*#!. (3) During microwave irradiation of carbon, light emission is observed,
which is perceived as electric arc formation. This is a result of electron excitation leading
to ionization of the surrounding atmosphere. This generated gas plasma adds on to
localized super heating of the materialst*>%, Selective and efficient microwave heating is
dependent on the type of microwave instruments, which can be either single mode or
multimode. Table 1.5.2. breaks down the differences between these two types of

instruments.

Table 1.5.2. The comparison of single and multimode microwave instruments.

Single mode Multimode

Cavity size Small Large

Field distribution Homogeneous Non-homogeneous

Output power 400W 700-1000W

Power density High Low

Reaction conditions Reaction control and safety | Lack of reaction control and
can be achieved to some | safety
extent by external sensors
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Examples Scientific microwaves Domestic/household

microwaves

1.5.1. Microwave-assisted synthesis of carbon

The carbon materials can be synthesized by different approaches and are listed below:

1. Solid phase with support: This technique falls under the category of a bottom-up
approach, where solid precursors, such as sucrose, inositol, glucose, etc., are used.
However, carbon synthesis depends on microwave absorption capacity of the solid
precursors. Hence, additional microwave absorbers such as powdered graphite,
activated carbon fibers, or metal carbon sources like iron acetate and ferrocene were
used 1% along with use of substrates similar to CVD. Here, the catalyst is
deposited on substrate and is heated in presence of a carbon source. The drawbacks
include the damage of catalyst loaded onto polymer substrate or cracks of SiO:
substrate during CNT synthesis. To improve CNT synthesis, additional microwave
absorbers such as silica, chromium layer and Si wafer were used. In case of
graphene, hardly any microwave-assisted bottom-up approach was reported in the
literature.

2. Solid phase: Graphene is a good absorber of MW irradiation when compared to
GO, which has a partially disconnected 7 system. MW absorption can be enhanced
by decreasing the oxygen content in GO through partial reduction(*®! . Examples
include: Microwave irradiation of partially reduced GO to synthesize high quality
graphene B8, The GO film turned from brown to black upon exposure to MW

irradiation at 400W for 2sec*>?, indicating their reduction. Thermal exfoliation of
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graphite intercalated compounds can also be achieved by microwave irradiation
[1531 where expansion of graphite was observed, which upon sonication in a suitable
solvent, yields single to few-layer graphene. Few-layer graphitic sheets were
synthesized upon microwave irradiation at 40% of 700W for 10-40sec, whereas
prolonged microwave irradiation leads to oxidation of the sheets.

3. Liquid phase: The growth of CNTs on the surface of graphene was reported by Oh
et al. by utilizing graphene oxide and nickelocene mixturel***, lonic liquid was also
used as carbon source, with palladium acetate as a catalyst on graphene, to grow
CNTs!%], However, graphene synthesis was not yet pursued from liquid phase
synthesis via microwave approach.

4. Purification of carbon: The carbon materials synthesized is treated with microwave,
to purify metal impurities lying within. Reagent free modification [, where
carbon material is heated in the microwave, and is followed by treatment with acid
is one such approach. Alternatively microwave treatment with carbon dissolved in

acid 571 was also pursued.

Microwave chemistry is applied for the synthesis of various graphene structures and porous
metal hybrids in this current thesis. In chapter 2, highly conductive pristine graphene was
accomplished by microwave liquid chemistry approach. Mild oxidants, such as H-O> and
H2>SOa4, were used to oxidize the intercalated graphite with microwave irradiation. High
quality graphene dispersible in a wide range of solvents was obtained via this approach.
The scalability of this approach was pursued up to 200mg, which exhibits results similar

to those on a smaller scale (20mg).
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In chapter 3, dry microwave irradiation of POG was pursued with the aim to oxidize the
defective carbon to generate vacancies. The partial oxidation of graphite leads to point
defects, which can oxidize in presence of air with the aid of high local temperatures
provided by microwave irradiation. No post treatment of the product is required and the
use of microwave, renders this approach energy, cost and time-efficient. High quality hG

with less defects was observed in this scenario.

In chapter 4, microwave irradiation of IGO was pursued with the aim to oxidize carbon to
generate vacancies. In this approach, the oxidation capacity of intercalated O, and
surrounding air, in combination with high local temperature to knock out in-plane carbon
atoms to generate vacancies was studied with microwave. This approach is similar to
chapter 3, except for a different starting material, and hence exhibits similar advantages.

The high quality of hG with higher conductivity than POG derived hG was observed.

Microwave irradiation was also applied for the synthesis of metal porous hybrids in
chapter 5. The noble metal Pd was incorporated into phosphorus doped carbon matrix
through microwave irradiation of the metal with phytic acid in a single step process. Phytic
acid is a biomass which acts as both a carbon and phosphorous source. The as obtained
product contains Pd nanoparticles that are 10nm in size and embedded in the phosphorous
doped porous carbon. The X-ray diffraction peaks at 40° combined with XPS binding

energies of 336 and 341ev, indicates the presence of Pd as Pd°.

In chapter 6, the cheap transition metal phosphide, tin phosphide was synthesized via
microwave irradiation, with phytic acid as a phosphorous source. Tin phosphide was
encapsulated in phosphorous doped porous carbon matrix, and covered with wrinkled

phosphorous doped carbon, in this scenario. The X-ray diffraction peaks at 28.8° and 31.5°,
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in correlation with 0.31nm and 0.28nm of marked d spacing’s from TEM suggest the

presence of tin phosphides as SnsPs.

1.6. Catalysis

A catalyst is a substance which enhances the rate of reaction without itself getting
consumed during the reaction. A catalyst can be either homogeneous or heterogeneous
depending on its existence with the reaction medium. In catalysis, more than 90% of
chemical reactions were processed with the aid of a metal catalyst in industries

(homogeneous), however their limitations, explored the scope of heterogeneous catalyst as

discussed in Table 1.6.1.

Table 1.6.1. The comparison of homogeneous vs. heterogeneous catalysts.

Property Homogeneous catalyst Heterogeneous catalyst

Existence in the reaction | Same phase Separate phase

medium

Active sites Well-defined Poorly defined

Catalytic activity Moderate High

Selectivity High Low

Catalyst modification Possible Unlikely

Temperature Low (<250°C) Moderate — high (250-
500°C)

Catalyst recovery

Expensive and difficult

Rather facile

Diffusion and heat transfer

Facile

Difficult

Reaction mechanism

Well understood

Poorly understood
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Examples Soluble metal complexes Metal/metal oxides on

support, carbon catalyst

The surge of metal free carbo-catalysts in various organic and electro-catalytic applications
was demonstrated over time, but low efficiency of carbo-catalyst in comparison to metal-
based catalysts limits its practical applications. Hence, research is being pursued to design
effective catalysts to realize practical purposes. Many industrial catalysts consist of
metal/metal oxides supported on an appropriate support. The support plays an important
role in catalysis. A good heterogeneous metal-based catalyst depends on the uniform
dispersion of active phase on support, combined with obtaining a large active surface per
unit weight. The supports used in industries*®®! are selected based on chemical
composition, surface area, stability and mechanical properties, as well as consist of the

following characteristics:

=

Retard the sintering of active phase

2. Increase their resistance towards poisoning of active phase

3. Stability and inertness under acidic and basic reaction conditions

4. Enhancing dissipation of heat in reaction conditions

5. Promoting diffusion of reactants through pores to reach the active phase.

6. High surface area with well-defined porosity

The most commonly used supports in practice include alumina, silica and carbon. The
advantages of a carbon support over alumina and silica include: low cost, high surface area

and porosity, chemically stable sp? carbon network, superior electrical, thermal and
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corrosion resistance, recovery of metal by burning the carbon in air (generating less solid

waste), etc.

Carbon nanofibers[*® activated carbon, CNTs*¢% graphene oxidel'®Y, reduced graphene
oxidel*®?l porous carbon etc. were used as carbon supports, on which, the precious metal
catalyst were loaded. The common reactions explored were, liquid phase hydrogenation
[163] - dehydrogenation 641 oxidation [*%°1 carbon-carbon coupling [16%¢ & 1661 etc, Porous
carbon supports can be synthesized from biomass molecules, making it cheap and
sustainable, while the metal can be loaded onto this carbon support via various techniques
such as impregnation, precipitation-deposition etc. However, poor particle dispersion is the
major drawback in these techniques, owing to low particle interaction with carbon support
[167] " Stabilizers, such as surfactants (%81 polymers [1¢° ligands [ etc., were used to
prevent particle aggregation, but interference in catalytic activity was observed due to these

foreign structures.

Hence, the overall reactivity of heterogeneous catalyst depends on selecting a suitable
support 174 not interfering in the catalytic reaction and which aids in the alteration of acid
base properties, redox properties and promote metal support interaction by supporting the
synergy of metal and carbon support. It was reported that the tailoring of electronic and
chemical properties of support with heteroatom doping, can promote better dispersion of
the nanoparticles. Thus, the synergy of metal with heteroatom doped carbon matrix was
pursued to realize maximum efficiency of the catalyst. It was proved that the electron rich
N improves the interaction of reactant with active center 721, Due to the wide application
of Pd as catalyst, extensive research was pursued on Pd immobilized onto N doped carbon

supports. The uniform dispersion of the metal into the N doped carbon matrix occurs due
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to the o type donation from N and r back donation from Pd. As reported previously by our
group, the large atomic size of phosphorous distorts the carbon matrix, generating wrinkled
morphology!*”®l. The same valence e of P as N renders the support electron rich,
transforming it to an n-type conductor, whereas opposite polarity of C-P bond can be
observed due to the low electronegative nature of P, in comparison to N. It was also
reported by our group that the activation energy for alcohol oxidation decreases when P

doped carbon is used, indicating better reaction Kinetics of these supports.

In chapter 5, Pd nanoparticles were embedded into the phosphorous doped carbon support
to realize its catalytic activity in alcohol oxidation. In this work, the influence of P doped
carbon support on Pd nanoparticles was studied. The catalyst exhibited a superior TOF of
23000h higher than that of PA@NGc (14600n)[12T and Pd@Gc (2940h) 174 indicating
the enhanced performance due to doping of phosphorous into the carbon matrix, which

might act as a bulky ligand similar to N as reported.

The nitro compounds serve as building blocks in organic synthesis and as a precursor for
the synthesis of amines. Metal catalysts such as Au, Pd, Pt and Ru have been proved to be
effective in the reduction of nitrobenzene. However, sensitivity of the metals in presence
of air and moisture, high price and scarcity limits their use as catalyst in large scale
production [17°1. Cost-effective metals such as Fe, Ni, Cu serve as an alternative 1781, but
agglomeration of the metals and metal oxides was observed, leading to deactivation of
catalyst and hence lower conversions. High temperatures and high catalyst loadings were

required to achieve considerable conversions.

Recent reports indicate that carbon can serve as a metal-free catalyst for nitroarenes

reduction 771, The catalytic application can be accounted to the m conjugated structure,
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which allows better interaction with the aromatic reactants and their modified electronic

and thermal properties.

It is a well-known fact that, the defect-free pristine graphene cannot serve as a catalyst due
to the absence of active sites. Hence, tailoring of graphene matrix with either heteroatom
dopants or co-dopants, or generation of edges, can enhance the catalytic activity.
Heteroatoms, such as O[*78l N[78d.e 1781 gnq pIi73l doped into carbon supports, were widely
explored as catalyst themselves due to their altered electronic and chemical properties. The
disruption of w-m conjugation during doping, leads to alteration of electro neutrality.
Henceforth, it was recently demonstrated that the generated defects or edges for doping

can also act as the catalytic active sites for the reduction of oxygen!*8,

In chapter 3, the as synthesized high quality holey edge graphene was tested for its
catalytic activity in reduction of nitrobenzene. Low catalyst loading with high conversion
was observed, which maintained selectivity towards aniline up to 3 recycles. The POG-HE
exhibited higher stability in comparison to the traditional GO and rGO based catalyst. A
unique mechanism was noted, where the reduction of nitrobenzene occurred solely via a
condensation pathway rather than a direct pathway or a combination of both as reported

widely in the literature.

1.7. Oxygen reduction reaction (ORR pathway)

The oxygen reduction reaction is one of the most important processes for clean and
renewable energy, such as that found within fuel cells. Metal-based catalysts such as metal
oxides or noble metals are commonly used, among which Pt/C is considered to be the best

catalyst so far for ORR, due to its exceptional performance. However, it imposes serious

40



limitations, such as time-dependent drift, methanol cross over effect and cost of the
catalyst. Nonmetal-based carbon catalysts are current hot topic, as they can act as a
substitute for the traditional Pt/C. In 2009, Dai et al. have demonstrated the ORR activity
of vertically aligned carbon nanotubes (VA CNT) 18U In this work, improved ORR
performance by incorporation of nitrogen into the VA CNT was also demonstrated. The
superior performance was analyzed via quantum mechanical calculations, where doping-
induced charge redistribution, facilitated by O, adsorption and electron transfer, was
reported. Several heteroatoms such as N [1821 p [183] 5 1184 'Bl18] gtc_ can be doped or co-
doped®! into the carbon matrix, which improve the electro catalytic O reduction. The
reactivity can be attributed to the electron transfer induced by heteroatom doping between
electron donating/accepting heteroatom and the adjacent carbon. In the case of N doping,
carbon next to N acts as the active center, whereas in B doping, the dopant itself 8" can
act as the active center. It was also proposed that the electro neutrality break induced by
the heteroatom occurs due to disruption of -1 conjugation, indicating that the generated
edges and defects might also be catalytically active. It was reported that the defects in
highly ordered pyrolytic graphite (HOPG) exhibited an electron rate transfer constant 7
times higher than that of the defect-free HOPG, indicative of varying electron structure
between the basal plane and the edge planel*®. The ORR activity in a droplet of electrolyte
on the graphite basal plane and the edge revealed the catalytic active nature of graphene
edges 8 as reported by Wang et al. Nevertheless, further research is needed to determine

the catalytic activity of edge graphene.

The reduction of Oz can occur either via 2e” to generate HOO™ (peroxide) or via 4e” to

generate H>O (water). Reduction via 2e" is detrimental in fuel cells, as the intermediate is
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corrosive to fuel cell and decreases the fuel cell efficiency. However, it can be applied for
onsite peroxide production, which is a green chemical used in various organic and
inorganic reactions as an oxidant. Common peroxide applications include its uses as a
bleaching agent**® in electronic industry, as detergents, in refining and processing metals
(1911 "in degrading toxic waste in effluent water'®?1, as an oxidizing and reducing agent in

some chemical synthesis!*%l etc.

These vast applications implored an enormous demand of H2O; (increased at the rate of
4% per annum till date). Anthraquinone oxidation!*®¥l, is the most commonly used
technique for H20. production, but it suffers from limitations such as cost of raw materials,
time consumption (3 step process) and the need of a stabilizer while transporting
concentrated H2O3, as it is explosive due to intense decomposition. Hence, alternatives
such as onsite production and utilization of H202 are being pursued either by directly
mixing Hzand 02 %! or through fuel cells with Pt, Au-modified membrane [*°! Unwanted
side reactions combined with safety issues related to direct mixing of H> and O> was
observed in the former case, whereas the use of noble metal-coated membrane increases

the cost of production in latter case.

In chapter 4, the synthesized high quality and highly conductive holey edge graphene was
tested for ORR reaction. The oxygen reduction occurs via 2e”, with an onset potential much
lower than that of carbon black electrodes. The catalyst is susceptible to methanol
poisoning and exhibits a stability of =70% after 8hrs, with a faradaic efficiency of 90%
even after 5hrs. Bleaching of paper is a huge industry [*%1 where peroxide in an alkaline
medium is required. H.O2, common bleaching agent in paper conservations and bleaching

industries, is less stable and decomposes in alkaline media to generate O.1%71. The gas
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generated leads to the blistering of the paper, hence damaging its quality. The performance
of IGO-HE in chapter 4 to synthesize peroxide in alkaline media, opens path for onsite
peroxide production for bleaching applications, eliminating the possible decomposition of
its parent compound H2O>. The drawbacks associated with the safety and handling of H20>

can also be eliminated.

1.8. Metal phosphide

Metal phosphides are deemed important due to their widely useful properties such as
superconductivity™®® magneto-caloric behavior®®, catalytic activity, magneto resistance
and lithium intercalation capacity. Hydro desulfurization (HDS) and hydro denitrogenation
(HDN) and hydro deoxygenation (HDO), which are important processes, in removing
sulfur, nitrogen and oxygen atoms from petroleum feedstock’s were pursued with the use
of transition metal phosphides as catalyst. These low cost and resourceful transition metal
phosphides have also gained wide acceptance in energy industry by exhibiting similar
catalytic activity and long-term stability, in comparison to traditional catalysts such as Pt/C,
LiCo0O,, and LiFePO4. The energy crisis in the present generation led to exploration of
new forms of energy conversion and carriers, where the energy density can be increased
by exploring reactions such as hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) from water splitting, oxygen reduction reaction (ORR), the compact and
portable lithium ion batteries. Fuel cells, such as direct methanol fuel cells, microbial fuel
cells and proton exchange membrane fuel cells, are few examples where the above
mentioned reactions are put into application. However, expensive and rare metals such as
platinum (Pt) and lithium (Li) greatly hinder their use as electrodes in sustainable energy

conversion and storage. Hence, an ideal alternative which is economic and abundant, with
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similar performance, was being explored. Transition metal catalysts such as iron (Fe),
cobalt (Co), manganese (Mn) were investigated as electrode materials due to their cheap
resources and their activity, whereas Na was explored to replace Li in batteries. The defects
and distortions in the crystal configuration of the metal phosphides promote the insertion
of Li and Na ions, hence promoting their application in batteries [?%°l. Several synthesis

techniques for metal phosphides are listed in the Table1.8.1 201,

Table 1.8.1. The synthesis techniques of metal phosphide and their corresponding
equation.

Synthesis method Reaction

Combination of elements MO +xP° (red) - MPx

Solid state metathesis MClx + NasP - MP + NaCl

Reaction with phosphine MClIx +PH3 (red) - MP + HCI + H>

Decomposition of organometallics TiCls(PH2CgH11)2— TiP + PHz + HCI +
CsHao

Electrolysis of fused salts MOx + NaPOy — MP + Na.O

Reduction of phosphates MPOx + H2 —» MP + xH20

Na resources, are abundant in nature and low in cost, which permit the use of Sodium lon
batteries (SIBs) as an alternative for Lithium lon Batteries (LIBs). Extensive efforts have
been pursued in developing high capacity SIB by alloying with metals such as Snf?%?,
S0l Gel?%letc. The high cost and low theoretical specific capacity of Sb and Ge limits
their use as an anode component in SIBs. Sn, a cheap and good electrical conductor which

exhibits a discharge capacity as high as 400-1100mAhg is pursued. On the other hand, P
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(poor electrical conductor), which exhibits a high theoretical capacity of 2596 mAhg* was
also explored 2%1. The enormous volume expansion of 525% from Sn to NaisSnsand 490%
from P to NasP leads to pulverization of the composite, thereby degrading battery
performance. The pulverization results in the aggregation of nanoparticles %! and dendrite
formation which is observed in case of LIBs, and is the main cause of capacity decay. Tin
phosphide, which exhibits a self-healing mechanism 2%/ can be pursued as an alternative
to the Sn metal. The reversible conversion of SnsPs + 9 Na < 3NasP + 4Sn prevents
continuous pulverization and aggregation of Sn alloy upon sodiation/desodiation and is

referred to as a self-healing mechanism[2%7],

The synthesis of metal phosphides was pursued at high temperatures 2%, temperature-
controlled hydrothermal treatment 2% and Mechanical alloying [?'%. Particle aggregation,
handling of liquid solvents, generation of toxic phosphine, complex reaction procedure,
zirconium contamination, inert environment such as N22%°¢, limits their synthesis for large
scale approach using the above mentioned techniques. In SnsP3, the thickness of the
electrode increased to ~200% after sodiation, whereas upon desodiation, it returned to
~60% of its initial thickness. This indicates that the self-healing mechanism is not
completely reversible and hence the possibility of partial pulverization cannot be
eliminated. Lee et al. demonstrated that the addition of carbon reduced the thickness to
11% after desodiation!®Yl. Hence extra protective barriers were explored in order to
mitigate the behavior of pulverization, such as core shell structures with either carbon
nanocomposites (500 mAhg™ at 100 mAhg™ over 150 cycles)[?'? or amorphous Sn-P (465

mAhg? at 100 mAhg™* over 100 cycles)?%l, Yu and coworkers!?*®! reported a yolk shell
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structure to further enhance the discharge capacity, to as high as 360 mAhg™ at 1.5C after

400 cycles).

In chapter 6, a one step, one pot approach to synthesize Sn4P3 via microwave chemistry is
realized. Phytic acid is used as both a carbon and phosphorous source, where the P is not
only involved in the formation of SnsPs, but also forms a phosphorous doped carbon layer
around the nanoparticles. These are sandwiched in between the phosphorous doped
graphene-like carbon. The wrinkled morphology observed provide additional space and
protection to accommodate to the volume change. A capacity of ~390 mAh/g was
maintained even after 1150 cycles at a charge/discharge current of 1 C, indicating the

robustness of the electrode for long-term use.
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Chapter 2: Synergy of Oxygen and Piranha Solution for Eco-
Friendly Production of Highly Conductive Graphene
Dispersions
2.1. Introduction

Graphene has inspired great enthusiasm for over a decade. Due to its excellent electronic,
thermal and mechanical properties along with its exceptionally large surface area and light
weight, graphene holds great potential for a wide range of applications.l*! Fundamental
studies and high-frequency electronics require pristine graphene.!? “Bulk™ applications
such as batteries,®! super-capacitors,[l catalysts,® flexible macro-electronics,® and
mechanically reinforced conductive coatings,[’ require large quantities of high-conductive,
solution-processable graphene manufactured at low cost. Mass production of conductive
and solution processable graphene sheets, such as reduced graphene oxide (r-GO) and
graphene nanoplatelets, has been recently achieved.[® The majority of r-GO sheets have
been fabricated via rather complex series of chemical processing steps. In brief, graphite
particles are first oxidized to graphite oxide (GO) via Staudenmaier,® Hofmann,%
Hummers,'™ or Tour’s methods,*? all of which utilize metal containing oxidants, such as
KMnO, and/or KCIOs. Trace residues of these oxidants and metal ions used or generated
in these approaches can participate in further undesired reactions and can be detrimental to
a wide range of applications.’* 31 However, purification of GO remains difficult due,
among other things, to its tendency to gel. Even though these metal ions are water soluble,
the gelation tendency of GO traps them making the GO products highly flammable. (%!

Therefore, extensive cleaning and purification steps are required making industrial scale

59



production expensive and time-consuming.[*2 2 Thermal exfoliation and deoxygenation
of graphite oxide followed by solution dispersion is commonly used to produce large
quantities of r-GO.1'! It has been believed that HO, CO and CO; gases were the only
substances released during thermal exfoliation. However, a recent study demonstrated that
a wide variety of complex organic molecules can also be released during processing,
including alkanes, substituted polycyclic aromatic hydrocarbons, and heterocyclic
molecules. The released molecules pose a potential hazard to our environment if not
handled properly. Furthermore, the complex organic molecules released from the thermal
treatment of GO is highly dependent on the GO fabrication methods and related thermal
exfoliation parameters during r-GO fabrication. How to avoid the formation of these
complex wastes is a great challenge for graphene industry.™*®! The other commonly used
approach to generate r-GO is to first exfoliate and disperse the graphene oxide sheets in
solutions and then reduce the GO to a level that restores the conductivity of graphene. Even
though environmentally friendly reduction protocols are being developed,i*”! hydrazine, a
hazardous material, is still widely used as the reducing agent. Most importantly, these
processes irreparably destroy the ideal honeycomb structure of graphene, leaving only a
fraction of the properties of intrinsic graphene to be recovered.[*®! Finally, except for those
which are sulfonyl-functionalized!® or reduced in basic solutions,® 2°! highly reduced GO
sheets cannot be directly dispersed into water which is the most useful and sustainable
solvent. These sheets have been dispersed either in some organic solvents with high boiling
points, such as N-methyl-pyrrolidone (NMP), or in aqueous solutions with the help of
surfactants for stabilization.[?d Unfortunately, both the organic solvents and the

surfactants are difficult to completely remove from a graphene sheet surface without a high
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temperature annealing process. Residual solvent and surfactant species inevitably increase
contact resistance between individual sheets in graphene films, reducing the overall
electrical conductivity of graphene films produced using these chemistries.

Several research groups, including our own have reported that defect-free graphene
nanoplatelets can be directly produced from graphite particles and dispersed in NMP and
other solvents, or aqueous solutions with the help of surfactants for stabilization.[® © 211
Although the issue of releasing toxic gases was resolved, most of the production requires
lengthy sonication and the yield is too low for practical industrial applications. Recently, a
more scalable method to produce large-size pristine few-layer graphene was achieved via
intercalation of metal containing compounds, followed by an interlayer exfoliation
reaction.l®> 221 These approaches are environmentally friendly and can be used for mass
production of large and high quality graphene dispersion in NMP or pyridine, but
unfortunately not in aqueous solutions due to the lack of oxygen containing groups on the
basal plane of graphene. Therefore the issues associated with high boiling point solvents
and trace quantities of metal ions remains.*3> 23 || Kwon Oh et al. explored eco-friendly
approach to directly produce graphene nanosheets from graphite particles without
involving toxic and/or metallic compounds. However, the yield is too low ( 5%) for
practical large scale production. 24!

We recently developed a fast, scalable oxidation approach without involving metallic
compounds to directly and controllably produce highly-conductive graphene sheets that
can be dispersed in both aqueous and organic solvents without the aid of surfactants.!?! In
that work, KMnOxs (as is used in Hummers and Tour’s methods) was intentionally excluded

while nitronium aromatic oxidation combined with microwave heating (fast and local
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heating) were exploited. The unique process leads to a controllable oxidation of randomly
positioned carbon atoms across entire graphene sheets, so that a low density of oxygen
containing groups were shown to be sufficient for exfoliation and dispersion into aqueous
solutions. The dispersed graphene sheets, which we refer to as microwave-enabled low
oxygen graphene (ME-LOG), are highly conductive and do not require further reduction.
Unfortunately, the use of nitronium ions results in the release of NO>, a potentially toxic
gas.

The current work aims to develop a more eco-friendly approach which retains the
merits of the nitronium oxidation approach, without releasing toxic gases or generating
potentially toxic polycyclic aromatic hydrocarbons. This new approach replaces the
mixture of H2SO4 and HNOs and exploits carbon oxidation chemistry by utilizing a piranha
solution, a mixture of H.SO4 and H20,. Piranha solutions have been widely used in the
semiconductor industry and research laboratories to clean silicon, glass, and gold, and they
have been used for oxidative cutting of carbon nanotubes (CNTs).128l The reaction appears
to generate only H2O, O, and CO., without releasing toxic gases. However, the direct use
of piranha solution to oxidize graphite in fabricating large graphene sheets is less efficient
than the H.SO4/HNO3 solution. This may be due to the rapid over-oxidation of the surface
layers, in part related to the limited ability of the piranha constituents to access the inner
graphene layers. This chemistry results in an uncontrolled cutting of graphene sheets at the
surface and carbon loss via gasification. To solve these problems and to achieve
controllable oxidization of each graphene layer, we first prepare a reversible H>SOu-
graphite intercalation compound (GIC) with the help of (NH4)2S20s via a simple room

temperature process.?’ This is followed by a short period of oxygen purging and
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microwave irradiation in a piranha solution (Scheme 1). The synergy of the intercalated
oxygen and piranha solution enables controlled oxidation of graphite particles via
microwave heating and thus leads to rapid (60 seconds) and direct generation of highly
conductive low oxygen containing graphene sheets. The intrinsic molecular oxidation
mechanism leads to eco-friendly fabrication of highly conductive graphene sheets without
generating toxic byproducts, as demonstrated by GC-MS. To differentiate these films to
the ME-LOGr we generated previously by nitronium microwave oxidation, we refer to
these graphene sheets as eco-friendly, microwave-enabled low-oxygen graphene (Eco-
ME-LOGr). The Eco-ME-LOGr sheets are similar to the ME-LOGr, in that they can be
dispersed in various solvents, including in aqueous solutions, without needing surfactants
for stabilization. The sheets are also highly conductive without requiring a post-reduction
step. The conductivity of the as-fabricated Eco-ME-LOGr film is 2.3 x 10* S m?, the
highest value reported for graphene films prepared from solution processable graphene
sheets via a simple vacuum filtration. After 2-hours of low temperature annealing (300°C),
the conductivity reaches 7.4 x 10* S m™. The electrical performance of the Eco-ME-LOGr
films significantly outperformed the ME-LOGr films fabricated via nitronium microwave
oxidation (6.6 x 10° S m™* for as-prepared films and 1.9 x10* S m™ after 2-hour annealing

at 300°C). 125

2.2. Results and Discussion

In a typical experiment, a reversible H.SO4-GIC (instead of H2SO4-HNO3 GIC) is
first formed by exposing graphite particles to a mixture of sulfuric acid and (NH4)2S20s,
following the recipes suggested by Tour’s group.?l The H.SO4-GIC was purged with O

for 5 minutes and then subjected to 60 seconds of microwave irradiation (CEM Discover,
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300 watts for smaller scale, and Synthwave from Milestone, 900W for larger scale
production, Figure 2.1.) in a piranha solution. The reaction results in a finely dispersed
suspension that is much easier to clean than the paste obtained from Hummer’s method.!*!
The dispersion was cleaned with water via vacuum filtration to remove residual H2SOg4,

(NH.)2S20s, and any residual by-products.
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Figure 2.1. (a) Digital photographs of the stable Eco-ME-LOGr dispersions in water from
small and larger scale production. (b) A representative STEM image of the graphene sheets
from larger scale production achieved via Synthwave from Milestone and (c) UV-Vis-NIR
spectra of the Eco-ME-LOGr in water from small and larger scale production.

With the help of bath sonication (30 min), the cleaned filtration cake can be re-dispersed
into water to form a colloidal solution without using surfactants or stabilizers. The similar
lateral sizes of the graphene sheets, and the overlapping of the two UV-Vis-NIR spectra
indicate that similar quality of graphene sheets were obtained, demonstrating that this Eco-
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Friendly approach can be easily scaled up for mass production. The lateral size and
thickness of the dispersed Eco-ME-LOGr sheets were characterized by a scanning
transmission electron microscope (STEM), a scanning electron microscope (SEM), and an
atomic force microscope (AFM). The thickness of the Eco-ME-LOGr sheets was found to
be 0.7-3 nm, between one and a few layers. The sheets have an average lateral size of one
to two micrometers with some as large as tens of micrometers across (Figure 2.2.), similar

to the ME-LOGt sheets reported earlier.[2

Figure 2.2. A representative STEM, SEM and AFM images of the Eco-ME-LOGr
fabricated via 5 min O purging of freshly prepared GIC, followed by 60 seconds
microwave irradiation in piranha solution (a-c). Panel d shows an AFM picture of Eco-
ME-LOGr sheets fabricated via microwave irradiation of graphite particles in piranha
solution.



The color of the Eco-ME-LOGr suspensions is grayish-black. The UV-Vis-near
infrared (NIR) spectrum of the Eco-ME-LOGr solution displayed a plasmon band
absorption maximum at a much longer wavelength than GO (268 nm vs. 230 nm) and much
stronger absorption in the visible and NIR region (Figure 2.3.a). All of these characteristics
are quite different from the typical brown GO solutions (Figure 2.3.a, inset),% 281 yet
similar to the previously reported r-GO and ME-LOGr suspensions. These features
qualitatively suggest that the as-prepared Eco-ME-LOGr is also similar to the ME-LOGr
sheets, containing a large amount of intact graphene domains without requiring a post-

reduction procedure.8 ¢ 29
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Figure 2.3. (a) Uv-Vis-Near Infrared spectroscopy of the Eco-ME-LOGr and graphene
oxide dispersion in water and their digital pictures (Inset). (b) Raman spectroscopy of the
Eco-ME-LOGr films on alumina anodic membrane.

Raman spectroscopy was utilized to estimate the size of the intact graphene domains.
The typical G band, defect D band and 2D band features are shown in the Raman spectrum
of the Eco-ME-LOGr film prepared on an anodic filter membrane via vacuum filtration
(Figure 2.3.b). The intensity ratio of D to G band (Ip/lg) is 0.75, which is much lower than

those of GO and r-GO,[*"® 28l indicating the high quality of the as-produced graphene sheets
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by this simple method. Furthermore, the Eco-ME-LOGr sheets also show a strong 2D band,
suggesting that these sheets contain little adsorbent-induced surface contamination.™4 2%

In addition to water (a common solvent for graphene oxide), the Eco-ME-LOGr
sheets can also be dispersed in polar organic solvents such as N-methyl pyrrolidone (NMP)
(290 mg/L) and N,N-dimethyl formamide (DMF) (200 mg/L), well known solvents to
disperse intrinsic graphene sheets and graphene nanoplatelets. Interestingly, even in a
nonpolar solvent such as chloroform, in which neither GO, r-GO, nor graphene platelets
can be dispersed, the Eco-ME-LOGr can be dispersed with a concentration of 190 mg/L,

ten times higher than that of the ME-LOGr sheets (Figure 2.4. and table 2.1.).[25

) Water Ethanol THF DMF Acetone Chloroform Ethylene NMP‘
: - % e _— - glycol -

Water Ethanol THF DMF Acetone Chloroform Ethylene NMP |
—— 3 i glycol

Figure 2.4. Digital pictures of graphene dispersion in different solvents. The dispersions
on the top are fabricated via the Eco-friendly approach and the bottom ones were fabricated
via nitronium oxidation.

It has been reported that the ability of graphene to be dispersed in various solvents
is determined primarily by the surface functionalities of the graphene and Hansen
parameters of the solvents. Good dispersibility can be reached when all three Hansen

solubility parameters (dispersive, polar, and hydrogen-bonding) of a solvent match well
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with those of the graphene.[ 3% The high dispersibility in aqueous and organic (both polar
and nonpolar) solvents without requiring surfactants or stabilizers implies that the
molecular structure (oxygen containing groups, their relative ratio and distribution on the
surface) of the Eco-ME-LOGr sheets is quite different from previously reported GO, r-GO,
graphene nanoplatelets.®!] On the other hand, ME-LOGr can be nicely dispersed in ethanol
and acetone, in which the Eco-ME-LOGr is barely dispersed, indicating differences exist
in their surface functionalities.[?%

Table 2.1. Concentration and production yield of the Eco-ME-LOGtr in various solvents.

Solvent Concentration Total weight in | Initial % yield
(mg/ml) the solution weight(mg)

Ethylene 0.40 16.1 20 80.6

glycol

NMP 0.29 114 20 57.2

Water 0.22 10.3 20 51.4

DMF 0.20 8.0 20 40.1

Chloroform | 0.19 7.6 20 37.8

THF 0.071 2.8 20 14.2

Acetone 0.026 1.0 20 5.3

The functional groups attached to the Eco-ME-LOGr sheets were studied with X-
ray photoelectron spectroscopy (XPS). The C 1s core-level XPS spectrum of Eco-ME-
LOGr shows a main peak from oxygen-free carbon and a shoulder resulting from carbon
bound to various oxygen species (Figure 2.5.a.). The oxygen-free carbon makes up ~76%

of the spectrum, similar to that observed for reduced GO sheets®! and the ME-LOGT sheets
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reported previously.?5d However, the O1s spectrum of Eco-ME-LOGr is different from
that of ME-LOGr (Figure 2.5.b and 2.5.c). The main peak in each spectrum was
deconvoluted to three or four peaks and their assignment is based on the literature.l*? The
peak at 533 eV corresponds to oxygen present as C-O in epoxides, anhydrides, and
carboxylic groups (due to the very close overlap in binding energies of these functional

groups, it is difficult to distinguish them from each other).
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Figure 2.5. XPS spectra of Eco-ME-LOGr films and ME-LOGr films on Au substrates.
Panel a and b is C1s and O2p signal from the Eco-ME-LOGtr films. The O2p signal, panel
¢ from ME-LOGr film was displayed here for comparison.

The peaks at 532 and 531 eV were assigned to oxygen in hydroxyls and ethers along
with carbonyl groups in esters and anhydrides, and oxygen in carbonyl groups attached to
aromatic structures (quinone groups), respectively. From Table 2.2., it is apparent that the
Eco-ME-LOGr contains much more C-O component in epoxide, anhydrides, and
carboxylic groups, while carbonyl groups existed more in the ME-LOGr.

Table 2.2. Different oxygen containing groups in Eco-ME-LOGr and ME-LOGrt.

Functional groups Binding % in ECo-MELOGr | % in MELOGr
energy(eV)

C-O in epoxide, | 533 41 6.4

anhydrides and

carboxylic acids
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C-O in hydroxyls and | 532 42 45.1
ethers, C-O  with
carbonyl groups in
esters and anhydrides

C-O in carbonyl groups | 531 18 43.3
attached to aromatic
structures (quinones)

Water 536 0 5.2

The conductivity of the Eco-ME-LOGr sheets was also studied. It has been reported
that the conductivity of graphene films formed from graphene dispersions exhibit
percolation behavior.*3l The percolation threshold and the conductivity after percolation
of graphene films are determined by the conductivity of the individual graphene sheets
(itself a function of extent of functionalization as well as structure) and by their electrical
connectivity (number of contacts and the contact resistance between individual sheets in
the films). Films of different thicknesses from the Eco-ME-LOGr agueous suspension were
prepared by vacuum filtration, a common technique to make relatively uniform films from
solution phase graphene sheets.® 34 Under a filtration-induced directional flow, graphene
films are formed by stacking and interlocking of the individual sheet together.31?l After
drying in vacuum at room temperature, the average thickness for each film was estimated
from the areal density of the films measured with Rutherford Backscattering
Spectroscopy.?%8 The sheet resistance of the films was measured with a four-probe
approach. As shown in Figure 2.6. (a), the sheet resistance of the Eco-ME-LOGr film
decreases with increasing film thickness. The electronic percolation of the Eco-ME-LOGr
films is reached at a thickness of ~88 nm, which has a sheet resistance of 0.5 kQ/square,
corresponding to a DC conductivity of 2.3 x 10* S/m. This conductivity is significantly

higher than all the chemically reduced GO films reported (see Table 2.3.). It should be
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noted that the r-GO films listed here were obtained from stable r-GO aqueous suspensions
without surfactants, so that their low conductivities are not due to surfactant or solvent
effects.’ 201 The high quality of the Eco-ME-LOGr (the existence of larger intact graphene
domains and fewer defects indicated by the low Ip/lg ratio and strong 2D band in its Raman
spectrum) likely contributes to the observed high conductivity. This conductivity is also
significantly higher than the graphene sheets directly exfoliated in NMP and other organic
solvents, as well as in aqueous solutions in the presence of surfactants/stabilizers, even
though they were known to have lower defect densities.[® 21P1 The clean surface of Eco-
ME-LOGr conveys better electronic communication between individual sheets when they
were assembled into a film. Overall, the combination of the high conductivity of individual
sheets and low inter-sheet contact resistance leads to the high conductivity of the Eco-ME-

LOGr films.

Table 2.3. Electrical conductivity of graphene films prepared via vacuum filtration of
different solution phase graphene sheets.

Fabrication techniques Conductivity(S/m)
Eco-ME-LOGr 22,600
ME-LOGr % 6600

Reduced graphene oxide via hydrazine at basic conditions | 7200
17,55

Reduced graphene oxide via hydrazine in the presence of | 200
Pyrene derivatives

Flash reduced GO 3 1000
Reduced K-modified reduced GO 3¢ 690

Sulfonyl modified Reduced Graphene oxide in aqueous ** | 17

Electrochemical reduction of graphene oxide®? 3500
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Reduced GO in variety of organic solvent mixures % 1700

Solvothermal reduction of graphene oxide in NMP 4 374

Graphene nanoplatelets in NMP ° 5

Graphene nanoplatelets dispersed in aqueous solution via | 1900-2150
sonication with pyrene derivatives *’

Graphene nanoplatelets dispersed in aqueous solution via | 35
sonication with sodium dodecyl benzene sulfate %

Thermal annealing has been used to enhance the conductivity of graphene films by
evaporating residual solvent/surfactant molecules, and/or thermal deoxygenation of the
oxygen containing groups. Upon annealing the Eco-ME-LOGr film at 300°C in Ar for 2
hours, the conductivity was further increased to 7.44 x 10* S m, which is significantly
higher than similar r-GO films (table 2.4.). Although GO films can be directly converted
to conductive films via thermal annealing, the electrical conductivity of thermally treated
GO films was found to be much lower than comparably annealed r-GO films.4l Recently,
the evolution of carbon bonds in GO films upon thermal annealing has been carefully
studied by molecular dynamic simulations and in situ spectroscopic techniques (XPS and
infrared spectroscopy) as a function of the initial oxygen density in GO films and annealing
temperatures.'2 31 |t was revealed that significant atomic rearrangement has taken place
and the GO sheets were substantially disordered after thermal annealing, with the highest
initial oxygen content resulting in the most severe distortion. In contrast, thermal annealing
improved the ordering of the graphene sheets due to the initial low oxygen concentration
of the chemically reduced GO films. It also gave rise to additional deoxygenation of the
sheets. The improved ordering and additional deoxygenation in the chemically reduced GO
films have been ascribed to the observed higher conductivity than those directly annealed

GO films.[29 34 |t is noteworthy that the conductivity of the annealed Eco-ME-LOGr film
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at 300°C is six times higher than the r-GO films annealed at 220°C and two times higher
than the r-GO annealed at 500 °C.1*¥ This result soundly demonstrates that even though
the oxygen content is similar to that in r-GO, the high quality (less defective structure) of
Eco-ME-LOGr makes it much easier to recover the pristine electronic properties of
graphene.

It should also be noted that the conductivity of the Eco-ME-LOGr films
outperformed our ME-LOGr films fabricated via nitronium microwave oxidation as
indicated by: a thinner percolation threshold (88 nm vs. 200 nm), lower sheet resistance at
percolation threshold (0.5 vs. 0.76 kQ/square), which corresponds to the much higher DC
conductivity (2.26x 10* S/m vs. 6.6x 10° S/m) for as-prepared films. After 2-hour
annealing at 300°C, the conductivity of the Eco-ME-LOGr films and the ME-LOGr films
increased to 7.44x 10* S/m vs. 1.92x 10* S/m, respectively.[?

Table 2.4. Electrical conductivity of graphene films after low temperature thermal
annealing.

Graphene dispersion technique Annealing temperature Conductivity(S/m)
Eco-ME-LOGr 300 °C for 2hrs with Ar 74,400
ME-LOGr* 300 °C for 2hrs with Ar 19,200
Reduced graphene oxide via | 220 °C for 2hrs with Ar 11,800
hydrazine at basic conditions 17°°

500 °C for 2hrs with Ar 35,100
Reduced GO in variety of organic | 150 °C for 12hrs 16,000
solvent mixures®®
Solvothermal reduction of | 250 °C for 2hrs 1380
graphene oxide in NMP**
Graphene nanoplatelets in NMP*® | 300 °C for 2hrs with Ar 5000

250 °C for 2hrs with Ar/H, | 6500
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We emphasize that not only are the Eco-ME-LOGr films significantly more conductive but
also that the chemistry to fabricate these high quality graphene sheets is eco-friendly
without releasing toxic gases and generating toxic byproducts. First, we found that the gas
released during the reaction is colorless, which is expected as no nitronium ions are
involved in the piranha/O> oxidation approach. To our surprise, the filtrate was also
colorless, which is significantly different from the yellow/brown filtrates obtained from
nitronium oxidation (Figure 2.6.(c), inset). Gas chromatography-mass spectroscopy (GC-
MS) was used to carefully study the composition of the released gas phase and the
byproducts in the filtrates collected during cleaning of the microwave oxidized products.
The gas phase collected during the microwave oxidation was directly injected to GC-MS.
The results show that the majority of the components are O» and a small amount of COg;
no toxic SO, and CO were detected. Note that the 28m/z peak is assigned to N2, not to CO
as the GC-MS does not exhibit a strong carbon peak at 12m/z which is characteristic for

the CO spectrum.(Figure 2.6.(b)).

—_ G- 02 b 1.2min Eco ME- LOG
") [— WMELOGr | r
E ( w100' (b) “p2 A C] —_— g:olﬁé;msr _
< 54 2 4 s THF -Blank |
S = 80+ 2 —— THF-Solvent
T 4 g 60 ) b = 417min |
3 604 ]
§ 3 E N2 E 7.49min —
E g 40- 0 \ 8 E 1 -/11 .78min =
o 24 heet resistance = 6 co 1
- T 20 2
= afteg Thermal annealing 3 N \
o | o “u
a:) 0 L] 0 F II T 7P r‘orﬁ‘*a T
06 08 10 12 14 0 20 40 mz 0 5 10 15 20 25 30 35 40
Amount(mg) Retention time(mins)

Figure 2.6. Electronic percolation of the Eco-ME-LOGr films prepared by vacuum
filtration (a). MS spectrum of the exhausted gas collected during microwave irradiation via
the Eco-friendly approach (b). GC spectra of the filtrates collected during cleaning of the
microwaved products (c). The curves from top to bottom are for the filtrates from nitronium
oxidation, the Eco-friendly approach, and a control experiment via the eco-friendly
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approach without adding graphite particles during microwave irradiation, and pure THF
solvent. Inset: Digital Pictures of the two filtrates.

To study the components in the cleaning filtrates, we first mixed the filtrate with a low
boiling point polar organic solvent, such as tetrahydrofuran (THF) before injection. For
comparison, the filtrate from nitronium oxidation and a blank solution (obtained by
microwave irradiation of the same amount of (NH4)2S20g and piranha solution but without
graphite particles) were also studied. In Figure 2.6.(c), the chromatogram of the filtrate
from nitronium oxidation shows several peaks at retention times of 1.5 min, 4.17min,
7.49min and 11.78 min. The mass spectrum (MS) for each of the peaks was collected and
the molecule structures associated with the peaks were identified based on the score (max
score is 1.00) of the MS compared to spectra in the mass bank database. The peak at 1.5
min is mainly from THF and the peak at 4.17 min is most likely from flavanol derivatives,
while the peaks at 7.49 min and 11.78 min were due to relatively high molecular weight
compounds like cyanine or 1,1’-dianthrimide. Detailed molecular structures and their
scores are given in Table 2.5. In marked contrast, the GC of the filtrate of the piranha
oxidation approach is similar to that of the blank solution. Only a peak from the solvent
itself (THF) was observed, demonstrating this new piranha/O oxidation approach is indeed
eco-friendly without releasing any detectable toxic gases and generating any potentially

toxic aromatic byproducts.
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Table 2.5. Detailed molecular structures and their score compared to the mass spectra in
the mass bank database.

Name Molecular weight Mass Bank Score Structure
Ethyl 4 benzovl 3,5 282.126 0.79 o o
dimethyl henzoate
(I o
6-Carboxy Flavanol 282.053 0.77
5,7 dimethyl isoflavone | 282.089 0.71
4'.7 dimethoxy 282.089 0.66
isoflavone
Gallic acid 170.02 0.65
Cvanine 411.280 0.82
Genfisic acid 156.027 0.82 cn
H
3.4 di hydroxy 184.15 0.81 i‘”
mandelic acid ””\ﬂ/u‘a”
H

2,3 dihydroxy benzoic |154.12 0.80 T
acid @ aH

-~

i

In general, an efficient approach to controllably fabricate graphene sheets from
graphite requires the following conditions: (1) enabling the oxidant molecules to access
internal surfaces of graphite particles (Due to the strong interaction and close distance
between the sheets, only the edges of graphite particles and the exposed graphene surface

are readily accessible to oxidants; the rest of the graphene is simply physically blocked
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from interacting with the oxidant molecules); B (2) ensuring that the reactions proceed in
a manner such that oxygen containing groups (or other solubilizing groups) can be evenly
(or at least randomly) placed across the graphene to have strong interactions with solvent
molecules for dispersion; and (3) generating oxygenated groups in a controlled manner
such that the process does not cut the graphene sheets into very small pieces. In addition,
the oxidation of each layer of graphene includes several steps: First, oxidation is initiated
to create oxygen containing groups, such as -OH and/or epoxy groups, on the basal plane
and edges of graphene sheets. Further oxidation includes two simultaneous and competing
processes: (i) continuing initiation of oxidation in the intrinsic graphene domains resulting
in generation of more -OH and/or epoxy groups; and/or (ii) further oxidation of the already
oxidized carbon atoms, ultimately leading to gasification of the carbon atoms (mostly CO
or CO,) and generation of small carbon residual species (which are separated during
filtration), resulting in vacancies and holes throughout the graphene basal planes. This
process is referred to defect consumption or etching. 26 371 Consumption of the defects
and generation of vacancies and holes in graphene sheets lead to rapid cutting of the CNTs
into short pipes and cutting graphene sheets to small pieces. 12! The relative reaction rates
of these processes determine the overall speed of the graphene fabrication and also the
lateral sizes and oxidation level of the fabricated graphene sheets.

The molecular mechanism leading to all those different results compared to the
nitronium oxidation approach need further study. We hypothesize that it is due to their
different intercalation capabilities, initial oxidation mechanisms and the following
oxidization pathways (scheme 2.1.). The mechanism for nitronium oxidation approach is

discussed in detail in our previous reports.?>¥ There is no detailed study of the piranha
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oxidation mechanism even though it has been used to oxidize and cut carbon nanotubes
(CNTs).[265 381 391 1t has been proposed that the most likely route by which piranha
oxidation occurs is via the generation of atomic oxygen, which directly attacks a carbon in
a graphene sheet to form a carbonyl group.™® With the formation of carbonyl groups, the
bonds of neighboring carbon atoms get disrupted. With further oxidation, the formed
carbonyl group can be converted into CO», and simultaneously a new carbonyl group is
created on a neighboring carbon atom. Compared to oxidation by nitronium ions, oxidation
by piranha solution only generates water, CO2 and O as byproducts. If H2SO4/H20, can
be used to oxidize graphite and fabricate graphene sheets, the issue of releasing toxic gases

and aromatics in nitronium involved oxidation approaches will be solved naturally.

Microwave
radiation

Scheme 2.1. Schematic drawing showing the process and oxidation mechanism of the
proposed eco-friendly approach to directly produce highly conductive, low oxygen
containing graphene sheets. A reversible H>SOs-GIC is formed by exposing graphite
particles to a mixture of sulfuric acid and (NH4)2S20s. The enlarged distance between the
individual graphene sheets and the positive charges formed on their surfaces allow the
purged molecular oxygen intercalating into the gallery of the graphene sheets in the GIC.
Upon microwave irradiation in a piranha solution, the atomic oxygen generated from
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piranha and molecular oxygen intercalated inside the GIC synergistically oxidize the
graphene sheets both inside and outside of the GIC particles without releasing toxic gases
and generating aromatic small molecules as byproducts. This process rapidly generates
enough epoxy and other oxygen containing groups, which facilitate exfoliation of highly
conductive graphene sheets into water and other solvents without requirement of post-
reduction and surfactants for stabilization.

However, our results demonstrated that directly replacing HNO3z/H.SO4 with piranha
solution to efficiently fabricate conductive graphene in agueous solution was not
successful. The concentration of the dispersed graphene nanosheets is low (0.1 mg/ml). A
majority of the graphite particles are precipitated out. This suggests that only small
amounts of graphene sheets, which are located on the surface of the graphite particles were
oxidized. This result indicates that the atomic oxygen from piranha solution is different
from nitronium ions and has limited capability to reach and oxidize the internal sites of the
graphite particles. Furthermore, most of the dispersed sheets are smaller than 200 nm,
suggesting the oxidized sheets were quickly cut to small pieces (Figure 2.2. (d)). It was
reported that at room temperature H>.SO4/H2O- is not able to initiate oxidation of the
graphene sidewall of carbon nanotubes, while it has much faster speed to etch away the
defects thus, cutting the tubes into small pipes compared to nitronium ions. ¢! Even though
the capability of H.SO4/H20- to initiate oxidation is increased with the microwave heating
(high reaction temperature is achieved), it is very possible that the etching speed increased
more dramatically. As a result, the oxidized graphene sheets were quickly cut to small

pieces.

To let the oxygen radicals access the inner parts of graphite particles, we thought to
take advantage of the enlarged distance between graphene sheets in a graphite intercalation
compound (GIC). It was reported that exposing graphite powders to a mixture of

(NH4)2S20s and H.SO4 at room-temperature leads to formation of a reversible sulfuric
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acid-based GIC.2"1 During GIC formation, positive charges were generated in the graphene
sheets, which were balanced with intercalated HSO4 ions. Both HSO4™ ions and H2SO4
molecules were intercalated in the interlayer galleries of the GIC. To our surprise, the
efficiency of oxidation was just marginally improved, indicated by slightly increased
graphene concentration (0.17 mg/ml), while the size of the sheets is still very small (< 200
nm) (Figure 2.7. (a)). It was reported that the H>SO4-GIC formed from (NH4)2S20s is
reversible since there were no C-O bonds formed. With water washing, the intercalated
HSO4 and H2SO4 could be quickly de-intercalated.l?”! Since the H,O2 solution contains
70% of water (by wt), possibly large amount of HSO4% and H,SOs were already de-

intercalated before the O- radicals reach the inner graphite particles.
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Figure 2.7. AFM images of graphene sheets prepared from fresh GIC without O purging
(@); GIC purged with 20 minutes Oz (b); GIC with 5 minutes O2 purging, but longer
microwave irradiation (75 second, instead of 60 seconds) (c); GIC with 5 minutes O
purging with traditional heating instead of microwave heating (d).

To keep the enlarged distance in the GIC for O- radicals internalization, we purged O>
to the freshly prepared GIC before putting them into piranha solution. We hypothesize the
distance between graphene sheets in the GIC is large enough for O intercalation. Further,
due to the high electronegativity of O, a strong attractive interaction between O and the
positive charges on the graphene sheets exists, which would facilitate Oz intercalation and

prevent its de-intercalation when the GIC is exposed to an aqueous environment. To study
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if purging O, would help to stabilize the GIC against de-intercalation, we compared the
weight of the GICs with and without O purging after water cleaning. The weight of the
GIC with O2 purging remained larger extents compared to the one without experiencing
O2 purging supporting our assumption (Table 2.6.). Therefore, it is very likely that the
larger distances between graphene sheets in the GIC are largely remained compared to
those without O> purging. Accordingly, oxidation of both internal and external graphene
sheets in a graphite particle is expected upon addition of piranha solution and followed by

microwave irradiation.

Table 2.6. Weights of Graphite and GICs with/ and without purging with 5 min of O after
washing with water.

Reaction mixtures Initial weight (mg) Weight after washing (mg)
Fresh GIC 40.1 40.2
Fresh GIC purged with O> | 40 41.6

Furthermore, it was reported that trace amounts of C-O bonds were detected after
keeping the reversible GIC in its parent (NH4)2S20s-H2SO4 solution at ambient conditions
for seven days.[?”1 Molecular level understanding of the chemical reaction of reversible
GIC with oxygen in highly acidic solution has not been extensively studied. We
hypothesize that Oz in air may intercalate and absorb around the positive charges, an
electron/oxygen transfer reaction between the absorbed molecular oxygen and the
positively charged graphene may occur, gradually generating a few epoxy groups, similar
scenario as the nitronium ion intercalated GIC.[?54 Considering higher concentration of O
may be intercalated into the galleries of GIC with pure O. purging, and the rapidly

increased temperature via microwave heating, multiple oxygen containing groups can be
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efficiently generated not only along the edges, but also across the basal plane of graphene
sheets via oxygen transfer reactions.l*!] The synergy of intercalated oxygen and piranha
may lead to increased speed in generating oxygen-containing groups relatively to the
cutting speed. Therefore, higher graphene production yield and less carbon loss are
expected. Indeed, not only the concentration of graphene sheets is increased, very
importantly the lateral sizes of the graphene sheets are also increased dramatically (Figure
2.2).

A control experiment was performed by directly microwave heating the O, purged
GIC without adding piranha solution. The results demonstrated that relatively larger
graphene sheets were obtained compared to those obtained via piranha oxidation of GIC
without Oz purging. However, the obtained graphene sheets are much thicker while having
smoother edges compared to the ones obtained in the presence of piranha solution. We
should also mention that purging Oz directly to a mixture of H.SOu/graphite particles did
not produce large graphene sheets presumably due to the small distance between graphene
sheets in graphite particles for O intercalation. Furthermore, since there are no positive
charges on graphene sheets in pristine graphite particles, there is no driving force for O to
internalize without forming a GIC in the first place. On the other hand, however, purging
O- for longer times with piranha solution and/or increasing the microwave irradiation time
caused a significant decrease in the lateral sizes of the graphene sheets, or even more carbon

loss, possibly due to over-oxidation induced cutting and etching (Figure 2.8.).128
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Figure 2.8. UV-Vis spectra and digital pictures of the dispersed graphene solution to show
the yield of the products depends on the O purging time with the same microwave power
(300 W)(a) and the effect of microwave irradiation time with the same microwave power
(300 W) (b). With 60 second of irradiation, the concentration of the dispersed graphene
sheets reached the maximum.

In addition, the size and yield of the graphene sheets also depend on the ratio of
H202/H2S04 and the microwave power. Increasing the ratio of H.O2/H>SO4 and decreasing
the microwave power results in deficient oxidation. Most of the graphite particles

precipitate out (Figure 2.9.).
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Figure 2.9. UV-Vis spectra and digital pictures of the dispersed graphene solution to show
the yield of the products depends on the ratio of H2SO4 to H2O> of the piranha solutions,
with 3:1 ratio giving the highest production yield (Microwave irradiation time 60 seconds
and microwave power of 300 W)(a). UV-Vis spectra and digital pictures of the dispersed
graphene solution to show the yield of the products depends on the microwave power (b).

Finally, due to the different molecular oxidation mechanisms and their different
kinetics in the initiation and the following oxidation pathways, we found the role of

microwave heating in these two approaches also slightly changed. In nitronium oxidation
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approach, microwave heating enables direct production of highly conductive graphene
sheets without the requirement of post reduction process, while traditional heating results
in nonconductive graphene oxide nanosheets. On the contrary, both traditional heating and
microwave heating lead to highly conductive graphene sheets via the piranha/O2 oxidation
chemistry. The graphene sheets produced via microwave heating are much larger (several

pm’s) than the ones from traditional heating (< 200 nm) (Figure 2.7. (d)).
2.3. Conclusion

In summary, by formation of reversible GIC, the distance between graphene sheets is
increased simultaneously with the generation of positive charges on the graphene sheets,
which provides enough space and imparts a strong attractive driving force for O
intercalation. The interaction between the positive charges and O also helps stabilizing the
intercalated O, and HSO4 ions against de-intercalation upon introduction of the piranha
solution. The existence of the intercalated O2 not only maintains the distance for piranha
to access and oxidize the inner parts of graphite particles, but also acts as a mild oxidant to
generate more oxygen containing groups on the graphene sheets which facilitate graphene
sheets dispersion into aqueous solutions. The synergy of the piranha generated oxygen
radicals, the intercalated O2 and microwave heating enables rapid (60 seconds), direct and
controllable fabrication of highly conductive graphene sheets of different lateral sizes
without requiring post reduction procedure. The intrinsic oxidation mechanism of this new
approach determines that no small aromatic toxic molecules are generated thus, without
the release of toxic gas. Finally, the unigue microwave heating not only dramatically speeds
up the fabrication process but also facilities larger graphene sheets production compared

to those utilizing traditional heating. Collectively, this approach has the following
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advantages for mass production of high quality graphene dispersions: (1) eco-friendly, no
toxic agents are involved, no toxic gas and potentially toxic aromatic byproducts are
released and generated; (2) Rapid and low energy consuming fabrication process (3) direct
production of graphene sheets of different lateral sizes without the requirement for a post-
reduction process. All these sheets as fabricated have a lower level of oxygen-containing
groups, which ensures substantial reservation of the outstanding electrical and optical
properties without the need for a high temperature annealing process;® (4) high-
concentration dispersions both in aqueous and organic solvents (without requiring
polymeric or surfactant stabilizers) allows a “clean” graphene surface to be obtained; (5)
reduced waste from purification steps; (6) since only (NH4)2S20g, Oz, H2SO4 and H2O; are
used for the production, the byproducts are essentially (NH4)2SO4, and diluted H2SOa,
which can be reused to produce more (NH4)2SO4 as soil fertilizers. All these advantages
ensure mass production of high quality graphene dispersions with low environmental

footprints and at a much lower-cost.

2.4. Experimental Method

2.4.1. Material synthesis

The Synthetic Graphite powder (size <20um) and ammonium persulfate (reagent grade
98%) were obtained from Sigma Aldrich. The concentration of sulfuric acid used is 98%
and is obtained from Pharmaco Aaper. The H202 is a laboratory grade solution with a
concentration of wt 35% obtained from BDH. All the chemicals were used as received.
The extra dry grade O2 is used for O, purging. The small-scale graphene synthesis was

conducted via CEM discover microwave vessel whereas the large scale synthesis is
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conducted via Synthwave from Milestone. Dispersion of the microwaved graphite powers

to graphene sheets into various solvents was performed via 5210 bath sonicator.
Eco-friendly approach for fabrication of graphene sheets

Graphite intercalation compound with SO4> is achieved by following the recipe
process described by Tour et al. 1 In brief, 12000mg of ammonium persulfate [(NH4)2S20s]
was dissolved in 10ml H2SO4. The obtained mixture solution was stirred for 5-10 mins and
then 200mg of Graphite powder was added. The obtained mixture was stirred for 24hrs,
which led to the formation of Graphite Intercalation Compound (reversible SO4%-GIC). To
the GIC-SO4 solution, oxygen is purged for 5mins at a rate of 79-84 ml/min. 1ml of the O>
purged GIC-SO4 solution is taken and mixed with 9ml of Piranha solution (H2SO4: H20, =
3:1), which is microwaved at 300W for 60sec. The reaction is initially quenched with
200ml deionized water. The obtained slurry was washed via vacuum filtration through a
polycarbonate membrane with a pore size of 0.8pum with 200ml water each for four times.
The final product is dispersed in 40ml deionized water by sonication in a bath sonicator for
30mins. The solution is allowed to settle for 3-5days and the supernatant solution obtained
contains large graphene sheets. The filtrate was collected and then extracted with THF to

study the byproducts via gas chromatography-mass spectrometry (GC-MS)

To demonstrate that this approach can be scaled up for mass production, 10ml of
graphite intercalated solution, which is purged with Oz for 5mins, is taken and to it add
90ml of Piranha solution (H2SO4: H20.- 3:1) and microwave at 900W for 60sec with
synthwave from Milestone. The quenching and cleaning of the product is similar to the
small scale fabrication. The microwave enabled nitronium oxidation approach of graphene

synthesis is conducted according to the procedure described in our previous work.[?%
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However the starting material is the graphite intercalated compound. The traditional
heating of the piranha trial is conducted by heating 1ml of O purged GIC with 9ml of
Piranha solution at 100°C for 7hrs and then quenching the reaction mixture with 200ml

deionized water and washing it with 200ml water each for four times.

2.4.2. Material characterization

Surface Morphology: The surface morphology of our as fabricated product is
characterized by an Atomic force Microscopy using a Nanoscope Illa multimode SPM
(Digital instruments) operated in “Tapping mode” and Scanning Electron Microscopy
(SEM) and scanning Transmission Electron Microscopy (STEM) using a Hitachi S-4800
Field Emission Scanning Electron Microscope (FE-SEM, Hitachi Co.Ltd.). The functional
groups information was acquired using a thermo scientific Ko system with a
monochromatic Al Ka X-ray source (hv=1486.7ev) in XPS. The quality of the graphene
sheets were analyzed using a Raman spectra with a Kaiser Optical Systems Raman

Microprobe.

Optical and Electronic properties: The optical properties of the graphene dispersions
were measured by the UV-VIS NIR spectroscopy from Cary-5000 Ultra violet-Visible-
Near Infrared Spectroscopy operated in double beam with 200-1000nm wavelength range.
As for the electronic properties assessment, the sheet resistance is measured by a manual
four-point resistivity probe from Lucas Laboratories, model 302. The conductivity of the

films is calculated from the sheet resistance and thickness by the formula:

1
Sheet resistancexXthickness

Conductivity =
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Rutherford back scattering (RBS) was performed to calculate the thickness of the film to
obtain the conductivity of the as prepared graphene film, using a 2 MeV He2+ ion beam
produced in a tandem accelerator with an ion current of 2-3 nA. Spectra were collected in

the back scattering geometry and simulations were performed using the SIMNRA program.

Gas Chromatography-Mass Spectrometry (GC-MS). The gas evolved and the filtrate
during the reaction process is carefully collected and analyzed using an Agilent HP6890

system, which was equipped with a HP-5-MS capillary column.
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Chapter 3- Dry Microwave Chemistry for Scalable Fabrication
of Pristine Holey Graphene Rich in Zigzag Edges and their
Catalytic Activity

3.1. Introduction

Holey graphene, referred to graphene with nanoholes in their basal planes, recently
attracted increasing research interests from both fundamental and practical application
points of view 1. Different from porous graphene, in which the porous structures are
formed by creating physical spaces between intact graphene sheets, holey graphene is
synthesized by etching through the graphene sheets to form holes in their basal planes. For
practical applications, graphene is usually used as bulk 3D materials with graphene sheets
randomly assembled together 2. The existence of nanoholes in bulk 3D materials
assembled from holey graphene not only increase accessible surface area, but also provides
desired “short-cuts” for efficient mass transport across graphene planes and ultimate access
to inner surfaces, which is very different from the intrinsic perfect graphene sheets without
holest®!. Most importantly, generating nanoholes naturally transforms a large number of in-
plane atoms into edge atoms. It has been theoretically predicted and experimentally
demonstrated that the edges of graphene sheets have different electronic states and
chemical functionalities from their basal planes, which render them unique molecule and
ionic absorption capability, dramatically increased quantum capacitance and

electrochemical double layer capacitances. Recent years have witnessed wide applications
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of holey graphene in gas storage/separation, oil absorption, photonic devices, catalysis,

sensing, electrochemical energy generation and storage.

Furthermore, if these edge atoms are arranged to form zigzag edges, nonbonding 7-
electrons emerge on these edge atoms and couple with itinerant m-carriers (4. It was
reported that these electrons are localized along exterior zigzag edges and strongly spin-
polarized, which have been referred to as n-electronic spin-polarized states, or Fujita states
[ The existence of Fujita states has been the foundation to explain experimentally
observed exotic electronic and magnetic properties of graphene, especially the ones rich
with edges, such as graphene nanosheets and nanoribbons 1. The exceptional magnetic
and electronic features of Fujita states in graphene resemble those in traditional s-d metal
magnets, not only raising new fundamental excitations in condensed matter physics, but
also providing promising applications in electronics and spintronic . Since traditional s-
d transition metals have been the workhorse in developing various industrially important
chemical catalysts, it is reasonable to assume that the unique features of holey graphene
combined with a large amount of Fujita zigzag states and nanoholes in a macroscopic 3D
structure can be used to develop metal free catalysts with similar or even better
performance, while in the same time, avoiding sustainability and environmental issues
associated with transition metals 22 71,

A plethora of works have been reported to explore graphene materials to develop
heterogeneous metal-free catalysts [?1. Most of the catalytic studies utilize graphene oxide
(GO) and reduced graphene oxide (rGO) possibly due to their wide accessibility. GO/rGO
with holey structures was also explored for catalytic applications 1. Quite a few works

have mentioned catalytic role of the zigzag edges 2 "1, However, the catalysts not only
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contain edge defects, but also other defects, such as 5-8-member rings and various residual
oxygen functional groups, which negatively influence their chemical and thermal stability
for long term practical applications. Furthermore, these groups could also possibly involve
in catalytic reactions [®1. The co-existence of multi-type defects complicates fundamental
understanding the role of n-electronic spin-polarized states in chemical catalysis %, There
IS no clear picture yet if experimentally observed catalytic performance is due to defects
on the basal planes, or m-electronic spin-polarized states in the GO/rGO materials, or a
synergy of all these components. It is also not clear how the electronic and chemical
structures of basal planes contributed to the observed catalytic efficiency. No study has
been reported so far, to use pristine holey graphene materials with unique combination of
Fujita zigzag states, holey structures, high electronic/thermal conductivity and high
chemical/thermal stability for the development of metal free catalysts. The lack of access
to pristine holey graphene nanomaterials with only edge defects (meaning high
conductivity and crystalline structure of graphene largely remained) as a true material
possibly drags behind the chemical catalytic studies.

Due to the wide range of applications, various approaches have been developed for
production of holey graphene sheets. Bottom-up approaches based on chemical vapor
deposition (CVD) methods, and top-down approaches such as photo, electron or plasma
etching of graphene utilize various templates, which provide good control over sizes,
shapes, and positions of holes. These strategies start with high quality graphene and
generate holes on the basal planes of graphene while leaving other parts of basal planes
intact. This type of holey graphene is referred as pristine holey graphene to differentiate

from those holey graphene materials with large amount of defects (i.e. oxygen containing
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groups, 5-8 member rings, sp3 carbons) on the basal planes. However, all these methods
are designed for electronic and spintronic device applications, some of them even need a
solid substrate to support graphene sheets during the hole drilling process, so suffering
from high cost and difficulties in scaling up to produce large quantity of materials for bulk
applications.

On the other hand, bulk chemical etching approaches, such as KOH etching,
H3PO4 activation, HNOs3 oxidation, hot steam etching, enzymatic oxidation, and oxidative
etching with or without catalytic nanoparticles, have advantages for large scale and cost
effective synthesis. Most of these chemical etching based-approaches require graphene
oxide (GO) or reduced graphene oxide (rGO) as a starting material, which contains various
defects on their basal planes. During the hole generating process, some of these defects are
partially gasified or etched away. While some of them may evolve to other defective forms
such as 5-8 member rings, carbonyl, ether, and lactose groups, which are difficult to be
removed even after high temperature annealing. Further, fabrication of GO and/or rGO
starting materials usually takes hours to days, and the possibility of metal contamination
exist during their synthesis, depending on oxidation methods applied. Therefore,
fundamental molecular basis in fabricating holey graphene materials determined that the
existence of various defects on their basal planes, which not only decreased their electrical
and thermal conductivity, but also negatively influence the chemical and thermal stability
of holey graphene materials for their long-term practical applications. There are no scalable
approaches reported to date which is capable for mass production of highly conductive and
chemically stable pristine holey graphene materials without involving metallic containing

compounds and at low cost for practical bulk applications. Furthermore, none of the
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scalable approaches could generate pristine holey graphene materials with controlled

geometric structures, such as zigzag or armchair, of their hole edges.

This work reports a novel, rapid, eco-friendly mass production approach to
fundamentally solve the problems mentioned above, so that selective and controllable
generation of nanoholes can be achieved while leaving other parts of graphene basal plane
largely intact. Furthermore, the hole edges can be controlled to be rich in zigzag geometry,
which is the preferred edge structure for catalytic and spintronic applications. To
differentiate our product to others, we refer our product as pristine graphene nanoplatelets.
Note that we call them nanoplatelets not graphene because they normally have a thickness
of more than one layer. The method has following advantages for both fundamental and
practical applications: (1) The holey graphene structures are rich in holes ranging from
nanometer to micrometers. Most importantly, their basal planes are nearly free of other
defects. (2) There are no metal containing compounds involved in the production. (3) Large
quantity of these materials can be quickly and inexpensively generated using abundant
graphite instead of graphene/graphene derivatives as starting materials. All these features
ensure the reservation of outstanding electron and thermal transport properties and
chemical inertness of basal plane of graphene, providing not only clean “edge” samples for
fundamental chemical catalytic studies, but also real materials for future practical industry
applications. For first time, the catalytic role of n-electronic spin-polarized states was
unambiguously illustrated in hydrogen atom transfer reactions. These reactions were
chosen due to its wide application in organic synthesis, while usually precious metal or
transition metal based catalysts are required. Using reduction of nitrobenzene as an

example, we found that the holey graphene materials not only exhibits high conversion and
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selectivity to aniline, but also are much more chemically stable for recyclability compared

to those defective GO based catalysts.

3.2. Results and discussion

The new approach has two key features which secure the fabrication of pristine holey
graphene materials with hole edges rich in zigzag geometry. The first key feature is the use
of partially oxidized graphite (POG), instead of GO or rGO as starting materials. The POG
contains various defects uniformly distributed across each graphene sheets on entire
graphite flakes. It was reported that the formation of those kind of hard-to-remove defects
and oxygen containing species can be avoided if GO has lower initial oxygen content. This
is because isolated oxygen containing groups can be easily removed at lower temperature
and recover to pristine graphene when an annealing process was performed in an inert

environment, such as ArtH,

To fabricate this kind of POG, we first prepared oxygen-purged stable GIC solution as
described in our previous work [, The as-made solution was heated up in oil bath for 1
hour to partially oxidize the GIC, which we named as partially oxidized graphite (POG). It
is worthy to mention that we choose this oxidation chemistry instead of widely used
KMnO4 oxidation chemistry, for GO production 3. This is because, the rate of diffusion
of oxidizing agent (KMnOa) into graphite interlayer galleries is lower than the rate of
chemical reaction itself 4. As soon as the oxidizing agent diffuses between graphene
layers, it quickly reacts with nearby carbon atoms. As a result, over oxidation at some parts
was observed, thereby making it hard to achieve controlled oxidation. Here, the unique

oxidation chemistry, where initial intercalation, increases the interlayer space between
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graphene sheets, to allow access to the oxidant and hence leads to POG with a large amount
of point defects. A prominent D band (breathing modes of the sp? carbon in the ring
activated by defects can be either on the basal plane or edges) with an Ip/lg of 0.42 was
recorded via Raman spectra, with XPS revealing a C/O ratio of 2.31, indicating partial

oxidation of GIC, as shown in Figure 3.1.
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Figure 3.1. The C deconvolution spectra from XPS and Raman spectra of POG.

The second feature of this approach is to make full use of the key advantages of microwave
heating in air instead of traditional convection heating. For carbon materials with only
slight oxidation as observed in POG, strong microwave absorption and rapid
transformation of absorbed MW energy into heat with high efficiency are expected. The
heat generated can achieve very fast temperature rise. It was reported that the rise rate can
be as high as 200°C/s, which can induce rapid degassing, building up inner gas pressure

inside POGs, and pushing the graphene sheets apart (exfoliation).

Furthermore, for partially oxidized carbon materials, in the absence of solvent, mechanism
of microwave heating is mainly wireless (contactless) joule heating. In this heating

mechanism, electromagnetic waves of microwave irradiation does not directly heat
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conducting materials, rather, induces motion of electrons, which causes heating by
electrical resistance. Therefore, the current induced during microwave irradiation is not
converted to heat in perfect graphene domains due to their ballistic conduction behavior.
On the other hand, presence of oxygen containing groups and other topological defects will
scatter electrons and provide electrical resistance, hence allowing selective heating. This
region-selective heating can induce different chemical reactions depending on microwave
power, time, and chemical nature of the carbon materials subjected to microwave
irradiation, which includes: (1) direct carbon combustion selectively at defective regions
to generate vacancies or nanoholes (direct holey graphene fabrication); and (2)
deoxygenation and reconstruction of defective sp® carbon bonds into desired sp?
configuration, resulting in, increased quality of carbon nanomaterials. Note that Joule
heating mechanism has been applied to reduce GO to graphene without any reducing agents
or solvents (fix defect). Possibly the power and time used were lower than those used to
directly knock out the atoms at defect sites for direct perforation as stated above, especially
if the irradiation is performed in an inert environment. We found that even in an oxidative
environment, such as air, some of the defects can be fixed instead of direct perforation to

generate holes.

Seitsonen et al., predicted that the graphene nanoribbons in an oxygen-rich environment is
preferentially formed along the armchair direction at thermodynamic equilibrium ™51, The
activation energy for oxygen desorption at armchair edges was estimated to be 435 kJ mol
1 which is larger than for zigzag edges (416 kJ mol™), indicating higher stability of the
former case 191, It was reported that the traditional heating induced carbon combustion or

oxidation induced etching lead to nanographene with rich armchair edges 1. This
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phenomenon was explained by the thermodynamically unstable zigzag edges, which react
preferentially with oxygen and get converted to stable armchair edges.

By carefully controlling microwave power and time, it is possible to control the geometries
of hole edges to be zigzag dominated in this work. As the generated holes may be a mixture
of armchair and zigzag geometries, further microwave treatment can be processed to adjust
the ratio of these two kinds of edges. As in the fundamental studies by Dresselhaus et al.
in wired joule heating of graphene nanoribbons, electronic flow is mainly along the zigzag
edges due to their electronic states. Similarly, this concept also suits in the process of
wireless joule heating induced by microwave irradiation. The region-selective heating
confines at large resistance spots which are located at the junctions of different edge
intersections. If energy dissipated is high enough at these junctions, the atomic structure
will be rearranged into zigzag edges. Therefore, with careful control of microwave energy,
the armchair carbon atoms will be preferentially evaporated, leaving zigzag edge as the

prevailing kind of edge.
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Scheme 3. 1. The schematic of holey graphene synthesized from POG.

The working principle of this novel approach was summarized in Scheme 1. Upon the
exposure of POG to microwave irradiation, functional groups with the associated carbon
atoms are selectively gasified, which leads to rapid expansion of GIC, with simultaneous
generation of vacancies or nanometer holes on basal planes, Figure 3.2. Alternatively,
pulse microwave irradiation may be used to remedy the defects during expansion for first
pulse, followed by generation of holes on basal planes of the exfoliated graphene sheets
for second pulse. With increased microwave irradiation pulses, the holes will be enlarged,

with generation of some baby holes at the same time.
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T 0

Figure 3. 2. The SEM image of POG microwave irradiated at 300W for 10sec(a-c).

— 3

Indeed, by controlling microwave irradiation power, time, and irradiation pattern, the
graphene structure can be fine-tuned. Microwave irradiation of dried POG for 5 seconds at
200 W leads to quick expansion of POG (POG-exp) without generation of holes on the
basal plane (Figure 3.3. (a, b)). The POG-exp has a “worm-like” morphology, similar to
expanded graphite (EG) obtained by microwave treatment of GICs and microwave
exfoliated graphite oxide (MEGO) from GO. The surface area of the as-prepared POG-exp
powder was measured by methylene blue technique, and it has a surface area of 346 m?/g,
4-7 times higher than the typical values (50-77 m?/g) obtained from the EG [*8 and is lower
than MEGO (463 m?/g) [*°1. By extending microwave irradiation to another 5 seconds, the
POG-exp was further expanded and holes of 300-500 nm holes can be found in most of the
basal planes (POG-H, Figure 3.3. (c, d), whereas holes with etched edges (POG-HE) were
observed upon further prolonging the microwave irradiation, Figure 3.3. (e, f), with a

surface area of 744m?/g.

103



Figure 3. 3. SEM image of POG sample upon pulse microwave irradiation, POG-exp (a,
b), POG-H (c, d) where holes of <500nm are observed, POG -HE (e, f) where edges with
enlarged holes of >500nm were observed.

To further understand the structure of products on an atomic level, low-voltage aberration-
corrected high-resolution transmission electron microscopy (HRTEM) was applied.
Figure 3.4., shows HRTEM images for POG (a), POG-exp (b), and POG-HE (c), (d). The
outer part of bulk POG flake shows a step-terrace structure with high step-density and tiny
area of each terrace, where large numbers of graphene sheets are stacked, as shown in
Figure 3.4. (a). The periphery part of each graphene sheet appears like a fjord having wavy
and round-shaped coastline. Considering the strong chemical activity of the edge part, an
erosion of oxidation process from the edge by O approaching from outside of bulk POG
flake is responsible for convoluted periphery structure of graphene sheets with most part
of graphene consisting of edge-free basal planes. Indeed, HRTEM image for POG-exp,
Figure 3.4. (b) exhibits a larger area of terrace part and population of edges is apparently
decreased, where the number of layers for stacked graphene sheets is also decreased

compared to that of POG due to partial exfoliation during expansion process. From sharp
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FFT spots shown in the inset, stacking of edges in POG-exp is similar to that of POG,
which is a typical ABAB stacking. This is further supported by the doublet of Lorentzian
peak fit of 2D band in Raman spectra 2%, Figure 3.5. (b). The HRTEM imaging also
revealed that the edges exist at just periphery part of graphene sheets, and actual population
of edges is low in both POG and POG-exp. These edges were referred to as “open edges”,
with the direction of edges random. On other hand, a remarkable change occurs in POG-
HE, as seen in Figure 3.4. (c). Holes with diameter of about ~5 nm appear inside graphene
sheets, with edges along its circumference. Moreover, holes do not deeply penetrate into
lower layers of stacked graphene sheets but they occupy only single or few layers of
graphene sheet (Figure 3.4. (d)). In contrast to POG and POG-exp, POG-HE contains
many holes with edges inside basal plane of graphene sheets in addition to periphery, where
edges are referred to as “closed edge”. The presence of individual holes on each graphene
sheets strongly suggests an etching (erosion) of graphene sheets by oxidant species not
approaching from outside of stacked sheet but being present between layers by the
intercalation process. Interestingly, the peripheral of holes in POG-HE do appear like a

polygon, where mainly zig-zag edges are observed with the defect free basal plane.
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Figure 3. 4. HRTEM images for POG (a), POG-exp (c), and POG-HE (c), (d). Inset shows
the FFT of corresponding image. Clear spots show that the samples have nicely stacked
graphene structures. Green arrows indicate the zigzag edges. Considering the angular
relations of the edges, other parts of holes also mainly consists of zigzag edges.

The POG-HE reports an Ip/lg of 0.28 which is higher than holey graphene synthesized via
air oxidized rGO?Y, enzymatic oxidation of GO?2, activation of rGO with CO,[%l. D and
D' bands appear due to the presence of defects and edges of graphene. The D band is
observed in the case of armchair and other defects but not with zigzag edges due to their
property of momentum conservation, while D" band can be attributed only to the presence

of zigzag edges 241121,
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Figure 3. 5. The Raman spectra exhibiting characteristic D, G and D' bands for POG series.

The large intensities of D and D' bands for POG do not represent average of whole part of
POG flake but the outer part which is locally damaged at extremely high degree due to
oxidant approaching from surrounding solvent during heating as discussed by HRTEM
analysis. Hence, we compare Raman spectra after microwave irradiation of POG. The D
and D' bands increases as holes and edges are introduced into POG-exp, as shown in Figure
3.5. (c), (d). In typical graphene derivative materials, D' band is not significant due to less
population of zigzag edges because of its thermodynamically unstable nature.

Nevertheless, the presence of D' / G bands in POG-H and POG-HE indicates larger
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contribution of zigzag edges having edge-state with chemical activity. The summary of

intensities of D, G and D' are listed in table 3.1.

Table 3.1. The ratio of Ip/lg of the POG series in comparison with graphite flakes.

Io/le In/lp' In/le
Graphite flakes 0.089 0 0
POG 2.37 1.71 1.39
POH-exp 0.19 20.42 0.0092
POG-H 0.31 14.49 0.021
POG-HE 0.28 12.86 0.022

The high quality of graphene is further demonstrated by C deconvolution spectra from XPS
studies. A characteristic C peak at 284.5 eV and a weak O peak at 532 eV was observed in
all survey scan (Figure 3.6. (a)), whereas an additional S peak at 167eV was observed in
case of POG, Figure 3.6. (b). This S peak can be attributed to the presence of sulfate
moieties in POG, supported by TGA analysis. TGA analysis recorded a total weight loss
of 15%, when ramped at 2°C/min from 40-900°C. The initial weight loss was observed at
100°C, with total 13% weight loss till it reached 500°C. This phenomenon can be attributed
to loss of O, functionalities on intercalated graphite, similar to GO 28] whereas weight loss
at high temperatures >270° C can be attributed to loss of organo-sulfates ?1 | Figure 3.6.

(c). Remaining 2% can be assigned to the loss of other oxygen functional groups.
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Figure 3. 6. XPS survey scan of POG series (a) with S peak observed in POG (b). The
TGA of POG in comparison with graphite flakes (c).

The deconvolution of C peak exhibits a strong sharp peak at 284ev along with 291ev, where
former is attributed to C=C in graphene lattice and latter is attributed to n- n~ peak
transition, indicating preservation of delocalized 7 conjugation 281, The low C/O ratio was
recorded for POG (2.3214.66), which increased when subjected to microwave irradiation

in the order: POG-H (13.51) < POG-exp (14.66) <POG-HE (21.41).
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Figure 3. 7. XPS deconvolution of C and O peak in POG-exp (a,b), POG-H (c,d), POG-
HE (e,f). The O deconvolution spectra of POG-H (g) and POG-HE (h) in Ar.
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The microwave irradiation of POG initially leads to the removal of existing defects (POG-
exp), which upon prolonged microwave might lead to generation of new defects and
gasification of existing defects (POG-H). This upon further microwave irradiation leads to
the removal of defects with hole generation (POG-HE). The presence of peaks at 286 eV
and 287eV are contributed to C-O?% 291 (532ev for O) and C=0F% Bl (533ev for O)
functionalized carbons, which may locate along the edges, thereby proving high quality of
basal plane. Below is a table 3.2., summarizing the XPS quantification of C and O peaks.
The XPS of O spectra exhibited an additional deconvolution peak at higher binding
energies (537-539eV), which disappeared when the spectra were collected in Ar
environment in case of POG-H (Figure 3.7. (d, g)) and POG-HE (Figure 3.7. (f, h)). This
can be explained by the fact that zigzag edges, which are highly reactive gets stabilized by

adsorbing O2 in air.

Table 3.2. The XPS quantification of deconvoluted C and O peaks of POG samples.

Cata | C-H/ | C=C C-O -C- -1 CO | C=0 | C/IO | % %
lyst Cc-C (284ev | (286e OH transiti ratio | C (0]
283 |) V) (287ev | on(291e | (531. | (533
ev) ) V) 4ev) ev)
POG | 10.0 | 46.84 15.43 7.32 5.47 832 | 6.6 2.32 | 69.8 | 30.
3 7 13
POG | 11.2 60.74 8.69 8.56 8.1 1.67 1.03 146 | 936 | 6.3
-exp 6 2 8
POG | 11.3 | 59.85 8.83 8.88 8.21 1 1.93 135 | 931 | 6.8
-H 1 1 9
POG | 105 62.87 9.34 7.97 7.21 1.07 0.8 21.4 955 | 44
-HE | 7 1 4 6
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The EPR analysis was used to further confirm the presence of edges. A single lorentzian
EPR signal with g-factor g=2.0046+0.0003 and linewidth AHpp = 1.50 mT was recorded
for POG, as shown in Figure 3.8. (a), curve 1. This signal relates mainly with dangling o-
bonds in interior defective species of partially oxidized graphite or with small amount of
edge spins localized on the periphery of graphitic crystallites during oxidation. The
broadening of this EPR signal through magnetic or dipole-dipole interaction of such
paramagnetic species S=1/2 with other paramagnetic species of the same origin (or with
molecular oxygen from the ambient) is not essential, although it is the reason of observed

linewidth of narrow EPR signal.

Consequently, EPR spectra of POG-H and POG-HE consist of two lines: the
broad signal of prevalent double integrated intensity and the narrow signal with
insignificant intensity (Figure 3.8. (a), curve 2 and Figure 3.8. (b)). An abnormally broad
EPR line width was observed in both the cases with AHpp exceeding 50-60 mT in POG-H
and AHppy= 70 mT for POG-HE, whereas in the latter case, its center is located in between
3" and 4™ narrow hyperfine structure lines of Mn?*: MgO standard (Figure 3.8. b). The g-
factors of 3® and 4" lines of Mn?* standard equal ¢3=2.0314+0.0003 and
94=1.9812+0.0003. The corresponding g-factor of broad EPR line of sample POG-HE
equals 2.0020+0.0006. The presence of such abnormally broad EPR line permits us to
conclude that it is caused from edge-localized z- electronic spin states (S=1/2) both on
periphery of graphene flakes and interior perimeters of holes in graphene. The narrow EPR
signal is probably from some point-like defects with dangling o- bonds inside graphene
flakes. The concentration of paramagnetic species S=1/2 responsible for broad EPR signal

in POG-H and POG-HE samples is at least several times more than that one in precursor
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sample of partially oxidized graphite (POG) and exceeds ~5x10%° gX. Such concentration
of paramagnetic species corresponds to ~10000 ppm or in other words ~1 species per 100
carbon atoms. Indeed, z- electronic edge spins may present there in such high concentration
and at the same time, be the only paramagnetic agents coupled by strong magnetic
interaction mediated by itinerant z- electrons of holey graphene. Evacuation in capillary
tube down to the secondary vacuum condition, in POG-H or POG-HE sample does not lead
to essential narrowing of broad EPR line. The corresponding change in EPR linewidth does
not exceed 5-8 mT. It means that the main mechanism of EPR line super-broadening is a
magnetic interaction between carbon-inherited paramagnetic species located in holey
graphene flakes with holes and edges. At the same time such paramagnetic species with
excessive local z- electronic charge probably provide abnormally high ability of interior

and exterior edges to catalyze the chemical reactions.
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Figure 3. 8. Room temperature EPR spectra of samples of POG series. (a) for partially
oxidized graphite original (curve 1) and partially oxidized graphite with holes (curve 2);
(b) for partially oxidized graphite with holes and edges recorded together with EPR
spectrum of Mn?*: MgO standard consisting of six sharp lines. The sextet line arises from
the hyperfine splitting of Mn?* ions. Microwave power — 2 mW. Magnetic field modulation
amplitude — 2 mT for both broad EPR lines of samples with holes and holes/edges and 0.3
mT for upper single narrow line.
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Catalytic activity: The selective hydrogenation of nitrobenzene, a toxic chemical can
generate aniline, which is an important intermediate in the synthesis of agrochemicals,
urethanes, pharmaceuticals, dyes etc 21, Hence selective reduction of nitrobenzene has
attracted considerable attentiveness. High selectivity was achieved with noble metals such
as Au, Pd, Pt and Ru B3 and transition metals such as Fe, Ni and Cu 4. However, their
use has been limited due to scarcity and cost of noble metals, agglomeration of the metals
and metal oxides, which leads to deactivation of catalyst eventually leading to lower
conversions. High temperatures and high catalyst loadings were required to achieve

considerable conversions.

Hence alternatives to overcome these shortcomings have been explored. Recent reports
indicate that carbon can serve as a metal free catalyst for nitroarenes reduction B, with
hydrazine hydrate as the reducing agent. The catalytic activity of these materials is
attributed to the following parameters in each case (1) The carbon not only serves as an
adsorbent, but also as an electrical conductor, (2) The heteroatom-doped graphene induces
electronic and morphological changes on the graphene and leads to have a different
electronic state from the bulkP®! and in the case of (3) rGO, defects and edges on the

graphene leads to different electronic state from the bulk®" .

For the first time we report the catalytic activity of the holey edge graphene with a
hydride donor, isopropanol in the presence of a promoter, KOH. 5wt% of POG-HE
recorded 100% conversion with 38% selectivity towards aniline in 1atm Ar (entry 1a) with
azobenzene and azoxy benzene as byproducts. Increasing the pressure in reactor to 4atm

with same wt% of catalyst, lead to increased selectivity of 92+2 % of aniline. However,
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changing the reaction condition to H> at 4atm, lead to decreased nitrobenzene conversion

of 25% (entry 1c), indicating its negative effect.

Table 3. 3. 5wt% of the catalyst, nitrobenzene (0.3mmol), isopropanol (2ml, 26mmol),
KOH (1mmol), at 100°C for 24hrs. The samples were analyzed with GC-MS after the
reaction.

Catalyst | Atm % % Selectivity %
used at Conversion Yield
conatn Aniline Azobenzene | Azoxy
Benzene
POG-HE | 2Ar_latm | 100 38.18 49.62 12.20 ~99%
bAr_4atm | 100 94.41 5.59 0 ~99%
‘H,_4atm | 25.19 100 0 0 ~25%
2pa-GO | Ar_4atm 88.60 70.22 29.78 0 86.11
fMHGO | Ar_4atm 65.03 46.99 53.01 0 63.86
MGO | Ar_4atm 61.05 16.76 83.24 0 59.20
°Graphite | Ar_4atm 28.67 73.69 26.31 0 25.43
flakes
®No Ar_4atm 13.95 8.14 91.86 0 11.58
catalyst
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'POG-HE | Ar_4atm 100 85.08 12.78 2.14 ~99%
reusability
Ar_4atmi1® | 100 82.38 12.64 4.98 ~99%
reuse
Ar_4atm2" | 100 86.62 6.65 6.73 ~99%
reuse
Ar_4atm3" | 100 85.42 6.62 6.50 ~99%
reuse

The reaction was conducted with other carbon based catalyst at 4atm Ar, where
88.6% conversion was achieved with 70.22% selectivity in ba-GO, where the spins in
conjugation with COOH groups are the active sites for oxidative coupling of primary
amines. The holey graphene oxide synthesized via microwave is reduced by thermal
annealing (rMHGO) and tested for its catalytic activity for the reduction of nitrobenzene.
A conversion of 65.03% with 46.99% selectivity was recorded, which decreased to 61.05%
conversion in its thermally reduced non holey graphene oxide (rMGO). The original
graphite was also tested for its intrinsic catalytic activity in nitrobenzene reduction, where
28% conversion was observed, which decreased to 13% in the absence of catalyst.
Nevertheless, GO based carbons decomposed during the reaction and exhibited brown
colored filtrate during catalyst recovery, Figure 3.9., which indicates their instability,

whereas the POG-HE exhibited similar conversion and selectivity even after 4 recycles

116



(entry 7). The above results suggest the reusability and catalyst stability for reduction of

nitrobenzene.

ba-GO rMGO rMHGO POG-HE 1001
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Figure 3. 9. Digital image of the filtrates collected during washing of catalyst (a). The
thermal stability of POG-HE at different temperatures in No.

Most of the carbon based catalyst exhibits small amounts of metal impurity accrued either
during synthesis process or might be present in parent material itself. Hence to eliminate
reason of doubt whether the catalytic activity is due to presence of trace amount of metal,
AAS of the acid treated catalyst was performed, which did not exhibit any trace amount of
metals in the range of 0.8 to 50ppb. However, Fe was detected in the parent graphite, with
20ppb of Fe as the detection limit in AAS. Hence, 20ppb of standard Fe is used in
nitrobenzene reduction. A conversion of 15% was observed which is similar to the result

without catalyst, indicating the catalytic activity is indeed from POG-HE.

The nitrobenzene undergoes reduction in either direct or condensation pathway as shown
in scheme 3.2. To determine the reaction pathway with POG-HE, nitrosobenzene and
phenyl hydroxylamine were used as reactant. The intermediate azobenzene was observed

as final product over time in both the cases. This indicates that phenyl hydroxylamine
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undergoes oxidation to form nitrosobenzene, which couples with phenyl hydroxylamine to
form azobenzene rather than undergo direct reduction to aniline. To further confirm the
pathway, Azobenzene was used as reactant and to our delight, we found 100% conversion
with ~99% selectivity to aniline. These above results point out the fact that the reduction

of nitrobenzene occurs via condensation pathway.

Dlrect pathway

H /H“ [0]
(CH3)2C0 [|-|] ——

H/H*

Condensation pathway

Scheme 3.2. The reaction pathway of nitrobenzene reduction.

As per our knowledge, for the first time, Shi et al demonstrated the use of carbon catalyst
for nitrobenzene reduction via hydrogen atom transfer. The mechanism of reduction was
reported to be similar to that of metal via MPV (Meerwein—Ponndorf-Verley) pathway.
Several theoretical predictions indicated the activation of nitrobenzene at zigzag edge,
hence in this present scenario, we report that it might hold true for our catalyst with edges.
The alkoxy group as ethers and the carbonyl groups at edges are involved in transfer of

proton and hydride to the activated nitrobenzene molecule, and promote its reduction 81,
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Hence we propose that the zigzag edges to be catalytically active centers to activate the
nitrobenzene and promote its reduction. However, no direct evidence can be provided at

this time and this mechanism needs further study.
3.3. Conclusion

In summary, we developed a novel dry (solvent free) microwave enabled approach, which
we referred as “Microwave Enabled Rapid Simultaneous Expansion and Hole
generation approach” to ecofriendly and rapidly produce holey graphene. This novel
approach has similar merits as the wet microwave chemistry approach?: (1)Direct
production of highly conductive graphene without requirement of post-reduction, (2) eco-
friendly, no heavy metal waste and toxic by-products, (3) fast (less than 1 minute) and low
energy consuming. Compared to the wet microwave chemistry approach, additional
advantages of dry microwave chemistry were brought in: (1) the issues, such as safety and
corrosion to equipment and devices, and the requirement of large amount of water to clean
and purify the products, which are associated with the usage of strong acids and oxidants
are naturally avoided, further minimized environmental impact as well as eliminating the
cost of waste/toxic material collection and treatment. (I1) efficient absorption by the only
reactant. (1) The required microwave time is short (5s), which make it easy for continuous
large scale production. These holey graphene sheets can be used as sustainable metal free
catalysts due to the capability of large scale production. It is also relevant for fundamental
studies due to the existence of nanoholes and associated large amount of edges. Most
importantly, they can be made free of metal ion contamination. They can be also made
nearly defect free on its basal plane or with intentional introduction of metal ions or defects.

These unique features of graphene give us excellent opportunity to systematically
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investigate the intrinsic and purposely modified electronic, magnetic structures and
properties at both atomic levels of singe sheets and bulk level as a true material for the

reduction of nitrobenzene.

3.4. Experimental Section

3.4.1 Material synthesis

POG: Graphite intercalation compound with SO4 is achieved by following the recipe
process described by Tours groupt. In brief, 1000mg of Ammonium persulfate (reagent
grade 98%, Sigma Aldrich) was dissolved in 10ml H>SO4 (98% Pharmaco Aaper). The
solution mixture was stirred for 5-10mins to dissolve the salt and form a uniform
suspension. To this solution mixture, 200mg of Graphite flakes was added (size >500um).
The reaction mixture was stirred for 6hrs to form the reversible Graphite intercalation
compound. Graphite intercalation compound is purged with O at the rate of 90-120ml/min
for a period of 1hr as discussed in our previous work!*? and then heated at 100°C for 1hr.
This sample is quenched in 200ml water and then washed via vacuum filtration through a
polycarbonate membrane with a pore size of 0.8 um with 200ml water each for four times.

The product was dried in the high vacuum.

POG-exp: For the expansion of the POG, approximately 50 — 60 mg of the as prepared
vacuum dried POG was taken into a 50ml Round bottom flask, which was subjected to
microwave irradiation at 300W for 5sec in CEM microwave. The obtained product was

collected as such without any post treatment.

POG-H: For the generation of only holes on the POG sample, approximately 50 — 60 mg

of the as prepared vacuum dried POG was taken into a 50ml Round bottom flask, which
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was subjected to microwave irradiation at 200w for 5sec each for two times (total 10sec)
in CEM microwave . The obtained product was collected as such without any post

treatment.

POG-HE: For the generation of holes and edges on the POG sample, approximately 50 —
60 mg of the as prepared vacuum dried POG was taken into a 50ml Round bottom flask,
which was subjected to microwave irradiation at 200w for 5sec each for three times (total
15sec) in CEM microwave vessel. The obtained product was collected as such without any

post treatment and characterized.

rMHGO and rMHGO: The MGO and MHGO were synthesized accordingly as
mentioned in our previous paper. In brief, 20mg of synthetic Graphite (<20um) is added to
a Round bottomed flask, to which 8ml of H2SO4 is added and the reaction mixture is cooled
in an ice bath for 5mins. To this, add 2ml of HNOg, and cool for another 5mins. To this
reaction mixture, add KMnO4 and swirl for 30sec in the ice bath and this solution is
subjected to microwave irradiation at 300W for 30sec in the case of MGO and for 40sec in
the case of MHGO. The as obtained reaction mixtures are quenched in 200ml of H.O>
(10%) solution and filtered with 0.2um polycarbonate filter. The product is further washed
with 200ml of dil. HCI (5%) and then finally washed with 1000ml of water (200ml each

washing for 5 times). The as obtained product is dried in vacuum for three days.

These samples are placed in a quartz tube and then placed in a furnace. The N2 gas is
allowed to flow through the tube at the rate 60ml/min for 1hr to replace the air in the tube.
Then the sample is reduced at 500°C for 2hrs. The as annealed samples are referred to as
rMHGO (MHGO annealed) and rMHGO (MGO annealed). The samples are washed with

HCI to remove any impurities and then dried overnight at 80°C for overnight.
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3.4.2. Material characterization

SEM: The Surface morphology of the as synthesized catalyst is characterized via Scanning
Electron Microscopy (SEM) using a HITACHI S-4800 Field emission Scanning Electron
Microscope (FE-SEM, Hitachi Co.Ltd). The SEM sample is prepared by placing the
powder on the carbon tape which is fixed to the stud and the sample is analyzed by applying

a voltage range of 2-5KV,

TEM: High resolution transmission electron microscopy was used to investigate the
structure of obtained materials using a HRTEM, JEOL JEM-2100F equipped with CEOS

Cs correctors, 80 kV.

Raman spectroscopy: The Raman spectroscopy was collected by depositing the dispersed
samples on anodisc membrane and the spectra collected with the instrument Witech alpha
300 Raman spectroscopy. A laser power of 12W with an integration time of 20sec and the
excitation laser wavelength of 532nm was used to collect the spectra. The spectra was

collected on a sample size of 20um W*H with 4 images per line (total 16 spectra).

XPS: X-ray photoelectron spectroscopy (XPS) is used to detect the functional state of the
carbon and oxygen in the holey graphene. The gold substrate is used for the analysis on
which the slurry of the catalyst were dropped (thickness of approximately 30-50nm). The
XPS spectra was acquired using a Thermo scientific K-Alpha system with a
monochromatic Al Ka x-ray source (hv = 1486.7ev). For data analysis, smart background
subtraction was performed and the spectra were fit with the Gaussian/Lorentzian peaks
using a minimum deviation curve fitting method (Advantage software package). The
Integrated peak areas along with Scofield sensitivity factor were used to determine the

functional composition.
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TGA analysis: ~3-5mg of the sample is heated in the Discover TGA instrument in the N2
environment with a flow rate of 20ml/min. The samples are initially stabilized at 40°C and

then heated at 2°C till 900°C.

Surface area determination: Methylene blue adsorption method is used to determine the
surface area of the as synthesized holey expanded graphite. Each mg of the adsorbed
methylene blue on the sample represents 2.54m? of surface area. A standard methylene
blue solution with a concentration of 2mg/ml in water is prepared and then added to the
holey expanded graphite. For each mg of holey expanded graphite, 750ul of the standard
methylene blue solution is added and the reaction mixture is stirred for 24hrs. The mixture
was then centrifuged at 6000rpm for 10mins to separate the unabsorbed methylene blue
molecules. The concentration of the methylene blue in the supernatant separated was
determined by the UV-Vis spectroscopy at a wavelength of 664nm. The surface area is
calculated based on the standard calibration graph of the methylene blue and the

interpolation of the methylene blue supernatant after the experiment.

EPR measurements: EPR measurements at room temperature were carried out using a
JEOL JES-TE200 X-band (A ~9 GHz) EPR spectrometer at microwave power Pmw ranging
from 1 mW to 6 mW. Spectra were recorded in the wide magnetic field range from ~70 to
570 mT. Each spectrum was registered during several (up to 9) coherent acquisitions. For
EPR study the loose packed sample (~3 mg) was sealed in 1 mm internal diameter (i.d.)
~45 mm long quartz capillary tube at ambient conditions (air pressure 1 bar). Processing
of EPR spectra was done using JEOL-JES-TE200 and Microsoft Excel software. The
doubly integrated intensity DI ~ lpp x (AHpp)? of each corresponding EPR signal was

analyzed for evaluation the intensity of EPR line. Here Iy, and AHpp are peak intensity and
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peak-to-peak line width of the EPR signal recorded in the conventional form of 1%

derivative of EPR absorption spectrum.

3.4.3. Catalytic activity

The nitrobenzene reduction was carried out in a pressure reactor of 30ml capacity. The
POG-HE catalyst (5wt%) was added to the pressure reactor, to which Immol of KOH is
added along with 2ml of propanol as solvent. To this reaction mixture, nitro derivatives
were added and then, the reactor is pressurized with 4 atm Ar, unless specified and heated
at 100°C for 24hrs in an oil bath. The reactor is cooled down to room temperature and then
the pressure is released before opening the reactor, to which toluene is added as an internal
standard with ethanol as a solvent to clean the catalyst. The sample conversion and yield

were calculated by sample analysis using GC-MS and HPLC.
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Chapter 4- Microwave Assisted Carbon Combustion for
Fabrication of Pristine Holey Graphene Nanoplatelets and
their Application in Electrochemical Catalysis for Oxygen

Reduction Reaction

4.1. Introduction

In the prior chapter, we reported a novel scalable approach to fabricate pristine holey
graphene nanoplatelets, from microwave irradiation of partially oxidized graphite. In this
work, we report a similar approach to fabricate pristine holey graphene nanoplatelets
material directly from O intercalated GIC (graphite intercalation compound) with short
microwave irradiation. This not only shortened the fabrication time (as the intercalated GIC
is directly used), but also changed the intrinsic holey graphene generation basic chemistry.
It was inspired by earlier reports that, with the aid of high temperatures, both single layer
(< 400°C) and multiple layer graphene (600°C) can be oxidized by molecular oxygen to
form holes in their basal planes M. The mentioned oxidation chemistry also works for
graphite (. However, only several top layers of graphene in graphite can be drilled through,
due to the difficulty of the oxidant (molecular O2 here) to access the inner graphene layers.
Since we already demonstrated the intercalation of molecular O into GICs in our previous
work, we hypothesize that the intercalated O2 molecules can act as an internal oxidant.
With high local temperature achieved by dry microwave irradiation, generation of holes
due to efficient oxidation in both internal and external graphene sheets in a graphitic
particle is expected. In the same time, the quickly generated gases build up high internal

pressure to push the graphene sheets apart. As a result, pristine holey graphene
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nanoplatelets are also produced, which are referred as IGO series to differentiate the POG
series of products. To our delight, we found that as synthesized IGO-HE nanoplatelets are
of pristine quality, which is proved by the low I/l 0of 0.040 (Raman spectra) and high C/O
ratio of 33.26 (XPS). The high conductivity of 35,195 S/m was reported in IGO-HE, in
comparison to holey edge graphene synthesized from gasification of point defects in our
previous work (POG-HE 17,514 S/m). Equally important, EPR studies demonstrated that

the 1GO series of holey graphene nanoplatelets product are also rich in zigzag edges.

A theoretical study demonstrated that the zigzag edge states in graphene nanoribbons
chemically behave like a partial radical, capable to activate a wide range of molecules,
including molecular oxygen.®®! Due to the existence of rich zigzag edges combined with
high conductivity of holey graphene nanoplatelets, it is reasonable to assume that they
should be an excellent electrochemical catalyst for ORR (oxygen reduction reactions). Dai
and Wang et al. studied the electrochemical catalytic behavior of O> reduction, by
depositing an air saturated electrolyte solution droplet (~15 pm) on the edge and on the
basal plane of a piece of highly oriented pyrolytic graphite (HOPG). Since the basal plane
of HOPG is almost defect free, direct evidence for catalytic roles of edge carbon atoms in
ORR was correlated M. It was also reported that the defects in the highly ordered pyrolytic
graphite (HOPG) exhibited an electron rate transfer constant 7 times higher than the defect-
free HOPG, indicative of varying electron structure between the basal plane and the edge
planel®). However in general, due to limited edges in HOPG or graphite, their practical
applications as an efficient electrochemical catalysts is limited. Hence, so far no study has
been reported on electrochemical catalytic activities of pristine holey graphene materials,

which are both fundamentally and practically important.
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ORR can occur either via a direct four-electron reduction pathway or a two-step, two-
electron pathway and often these two pathways co-existed. The current platinum-based
electro-catalysts for oxygen reduction reaction (ORR) are expensive and are susceptible to
methanol crossover and carbon monoxide (CO) poisoning effects. Henceforth intensive
research efforts were explored to develop new carbon-based materials as efficient, stable,
low-cost, and sustainable metal-free catalysts as an alternative to Pt for ORR, including the
work reported by our group®. The majority of carbon-based catalysts were developed by
doping heteroatoms (non-carbon atoms) into graphene matrices to fine tune their
physicochemical and electronic properties. The reactivity can be attributed to the electron
transfer induced by the heteroatom doping between the electron donating/accepting
heteroatom and the adjacent carbon. For instance, the carbon next to electron donating N
or electron withdrawing B! can act as the active center. The electro-neutrality break
induced by heteroatom occurs due to the disruption of - conjugation, indicating that the

generated defects or edges can also act as the catalytic active sites.

While direct four-electron reduction pathway is preferred for fuel cell applications. The
two-electron pathway is ideal for electrochemical generation of H2O, a green oxidant, an
environmentally benign chemical currently being used in diverse technological areas,
ranging from industrial bleaching of paper and wastewater treatment, to oxidation of
hazardous chemicals and bioremediation.[®! The only degradation product of its use is
water, which also makes it one of the cleanest, most versatile chemical oxidants available
for many large-scale syntheses via chemical oxidation processes.®! The annual world
production of hydrogen peroxide is approximately 2.2 million metric tons, synthesized by

anthraquinone oxidation (AO) process!®. The AO process is a multistep method that
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requires significant energy input and generates waste. It requires noble metal based
catalysts such as Pd and Aut™, stabilizers to delay or prevent decomposition of hydrogen
peroxide 112121 special equipment to transport, storage, and handling of bulk H202, thereby

escalating expenses 11 131,

Continuous on-site electrochemical production of H>O. via oxygen reduction reaction
(ORR) provide an attractive alternative to replace AO-based H20O. production
technology®™, minimizing the above mentioned limitations. While there are tremendous
efforts to develop graphene based electrochemical catalysts to improve 4-electron pathway
for fuel cell applications, efforts to for 2e” peroxide production are scant, especially in basic
conditions.!* Furthermore, direct generation of peroxide in acid media is desired for its
application as Fenton’s reagent, whereas in alkaline media, it is best suited for pulp
bleaching. On-site electrochemical production of H2O- for industrial applications requires
a production method with high reaction rates, high efficiency, and low costs. Graphite chips
coated with carbon black, graphite and a fluorocarbon binder to facilitate O transfer at
atmospheric pressurel®®! are the commonly used electrodes for this process. Carbon fiber
has been proposed to increase porous structures without losing selectivity of H20:
production due to the high content of graphite component in carbon fiber. However, the
catalytic active sites are still limited for high efficiency production. The number of catalytic
active sites in our holey graphene materials are expected to be significantly increased by
the largely expanded edges on the basal plane of graphene.l*®! Furthermore, the existence
of holes will also greatly facilitate mass transport.[6-1"1 All these features ensure efficient
electrochemical H20- production. To our delight, we found that that in basic conditions the

holey graphene nanoplatelets activate ORR mainly via a 2e” pathway. A faradaic efficiency
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of H202 production reached as high as 97%. This, combined with rapid and energy saving
approach to be able to fabricate the material in a large scale, suggests that the holey
graphene nanoplatelets material is promising material for metal free sustainable catalysts

for electrochemical H20 production at low cost.
4.2. Results and Discussion

The present invention realizes the exploitation of microwave irradiation technique for
synthesis of high quality holey edge graphene, not by creating point defects on basal plane
but by realizing oxidation of graphite intercalated with O as the oxidant. The IGO exhibits
an Ip/lg of 0.035, lower than POG (2.37), with C/O ratio of 5. The stabilized intercalated
GIC was synthesized according to our previous work™® and is referred to as 1GO. The
microwave heating mechanism is via joule heating, with the working principle summarized
in Scheme 4.1. Upon the exposure of IGO to pulse microwave irradiation, rapid expansion
of GIC, was observed with the first pulse. Further microwave irradiation, generates high
local temperature, which in the presence of O, leads to the combustion of carbon atoms,

generating holes.
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microwave irradiation generated holes (IGO-H), Figure 4.1. (c, d), whereas holes with

etched edges were observed upon further prolonging the microwave irradiation (IGO-HE),

Figure 4.1. (e, f). The surface area of IGO-HE is 651m?/g, which is slightly lower than

the POG-HE (744m?/g) and higher than the typical values (50-77 m?/g) obtained from EG

(expanded graphite) [**l and MEGO (microwave exfoliated graphite oxide) (463 m?/g)i2°l,
133

Indeed, the microwave irradiation of IGO for a duration of 5sec leads to expansion of
intercalated graphite (IGO-exp), as shown in Figure 4.1. (a, b), which upon further

Scheme 4. 3. The schematic of holey graphene synthesized from 1GO.



Figure 4.1. SEM image of 1GO sample upon pulse microwave irradiation, expansion of
IGO (a, b), IGO-H (c, d) where holes of <500nm were observed, and IGO-HE (e, f) where
edges with enlarged holes of >500nm were observed.

The synergy of air and trapped O; in the oxidation of the intercalated graphite @ temperature was
studied via TGA analysis. The high temperature heating of the intercalated samples was conducted
to measure the amount of O, that is entrapped in the intercalated graphite. A total of 20% weight
loss was observed at the end of 900°C, with an initial weight loss at 40°C after stabilization. This
is followed by a 1% decrease for every 10-15°C till 200°C, contributing to the removal of the
trapped O.. There was a 1% weight loss for every 30-50°C from 200-380°C, which indicates the
presence of organo-sulfatesi?!! in the intercalated graphite. Then, there was only a 2% weight loss
until it reached the final temperature of 900°C. The major weight loss reported is due to the presence
of trapped O and the sulfate moieties, Figure 4.2. (a). The SEM images of the TGA treated
samples, when analyzed indicate the expansion of 1GO, with no holes or edges observed Figure

4.2. (c), whereas holes were rarely observed in POG. This provides insight into the importance of
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microwave heating, where high local temperatures in combination with the oxidants, i.e. Oz, and

air lead to hole generation on the expanded graphite™!.
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Figure 4.2. The TGA curves of IGO and POG compared with the graphite flakes (a),SEM
analysis of the 1GO (c) and POG (d) after TGA in N at 40-900° C. Typical *C MAS
NMR spectrum of IGO-HE (MAS rate 6 kHz) (b).

The high degree of crystallinity of these edged holey graphene was studied by Raman
spectra, which indicated the presence of a D band (breathing modes of the sp? carbon in
the ring activated by defects can be either on the basal plane or edges) and a prominent G
band (bond stretching of sp? carbons in the ring) in all of the IGO series. The lowest Ip/lc
(0.040) was reported for IGO-HE when compared to POG-HE (0.28), indicating its high

quality??l. A doublet in the 2D region was observed by a Lorentzian fit, as shown in Figure
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4.3. (c), indicating that the as synthesized IGO-HE consist of few layers.
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Figure 4.3. Raman data showing a characteristic D and G band (a), and 2D band (b), the
deconvolution of 2D band (c), Ipo/lc values of IGO series, with increased microwave
irradiation.

The deconvolution of C spectra exhibits a sharp peak at binding energies of 284ev, assigned
to sp? carbon in C=C, and 291lev, assigned to n-m" transition peak, indicating the
preservation of delocalized m conjugation!?® and supporting high crystalline graphitic
domains as recorded from Raman spectra. The increased microwave irradiation time
exhibits an increased C=C peak in the order: IGO-exp (64.9%) < 1IGO-H (65.88%) < IGO-
HE (74.47%), which is supported by the decreased Ip/lc. The microwave irradiation of
IGO initially generates defects (IGO-exp) which upon prolonged microwave irradiation,

leads to the gasification of existing defects, accompanied with the generation of new
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defects (POG-H). Further microwave irradiation leads to the removal of defects with
enlarged hole generation (POG-HE). A single peak at 128ppm in the *C SSNMR, a
characteristic of graphitic sp? carbon!?!l, was observed in the 1IGO-HE as shown in Figure
4.2.(b). The superior crystalline structure of the IGO-HE was further supported by a high
conductivity of 35,195 S/m compared to POG-HE (17,514 S/m) when calculated according

to four-point probe method.

The presence of peaks at 286ev and 287ev are attributed to C-O 21 (532ev for O)
and C=0 (533ev for O). An additional O deconvolution peak is observed at high binding
energies in IGO-HE, which disappears in the presence of Ar etching, as seen in Figure 4.4.

(9,h) , indicative of active edges that gets saturated with atmospheric Ox.
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Figure 4.4. The XPS deconvolution data of C and O peaks in 1IGO-exp (a, b), IGO-H (c,
d), and IGO-HE (e, f). XPS of O deconvolution before (g) and after Ar etching (h),
indicative of reactive edges.

The quantification of various C and O functionalities with varying microwave irradiation

time is listed below in table 4.1.

Table 4. 1. The quantification of % C and %0 in IGO at different microwave irradiation
time.

Cataly | C- c=C | cC-O -C=0 | -1 C/O | % %
st H/C- | (284e | (286e | - transition(291 | rati | C 0]

C V) V) (287e | ev) 0

(283e V)

v)
IGO- 6.57 64.93 | 11.3 8.61 8.59 320 | 96.9 | 3.0
exp 5 7 3
IGO- 6.57 65.88 | 8.58 9.92 9.06 56.9 | 98.2 | 1.7
H 6 7 3

138



IGO- | 559 | 7448 |804 |1099 | 0.89 332 | 97.0 | 2.9
HE 6 8 2
C-O(531.4¢v) C=0 (533ev)
1GO-exp 27.11 72.88
1IGO-H 44.91 55.09
IGO-HE 58.35 41.65

The presence of edges in holey graphene was confirmed by the broad EPR

signals, as observed in Figure 4.5. (a, b). The red traces clearly demonstrate that oxygen

evacuation causes narrowing of the broad components. Thus, line widths AHpp decrease by

~3mT and 7 mT for IGO-H and 1GO-HE respectively. Opening of sealed capillary tubes

back to ambient air, broaden the lines back to initial line width values.
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Figure 4.5. The RT EPR spectra of IGO-H (c, n =9.472 GHz) and IGO-HE (d, n = 9.466
GHz) samples. Black traces — samples open to air, red traces — samples evacuated to 10
mbar. The temperature dependence of broad line width AHpp for air containing 1GO-H
sample (c) with temperature dependence of inverse integral intensity (proportional to yepr”
1y of the EPR signal for air containing IGO-H sample (d). Above T = 120 K yepr! obeys
the Curie-Weiss law with 6 ~75 K whereas below 120 K 6 changes to ~ -10 K.

On decreasing the temperature, EPR for both air containing samples show similar patterns:
(i) the broad components continuously broaden and remain unobservable below T ~40 K;
(i1) the narrow component remains practically unchanged and very weak in intensity
(Figure 4.5. (c, d)). The data infers that the interactions of edge spins with triplet molecular
oxygen may be responsible for the EPR line narrowing upon air evacuation. Moreover,
adsorption of oxygen molecules on graphene in the vicinity of edge spins explains

progressive line broadening on cooling of air-containing IGO-HE and IGO-H. In addition,
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complicated behavior of the EPR susceptibility on cooling may indicate direct involvement
of oxygen in the interactions between edge spins, which is responsible for the broad EPR

signals.

The as synthesized catalyst was tested for oxygen reduction due to its (1) superior
conductivity (high quality defect-free basal plane), (2) presence of edges which act as
catalytic centers for the activation of molecular O; and (3) presence of holes on the basal
planes which enhance the mass transport. The CV of IGO-HE exhibited a cathodic
reduction peak in Oz saturated solution, which is absent when saturated with N2, indicating
the electrochemically active nature of edge graphene for reduction of oxygen in basic
media (Figure 4.6.). This catalytic activity can be explained by DFT calculations, where
Dai and coworkers stated that the edge carbon can exhibit high charge densities when
compared to basal planel?®, i.e. edge carbon can induce an electron transfer leading to
acquisition of positive charges on edge carbon, which renders negative charge on the
neighboring carbonf?l. The IGO-HE exhibits a lower onset potential (vs. RHE) when

compared to carbon black and the bare electrode, Figure 4.6. (b).
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Figure 4.6. The CV of IGO-HE in 0.5 M KOH (a), and onset potential in comparison (b)
with other catalyst, the electron transfer number (c) with peroxide yield (d) of various
catalysts in 0.5M H2SOx4 (c).

The ORR exhibits 2 peaks, indicating that the oxygen reduction occurred via 2e” pathway,
i.e. initial peroxide generation followed by its reduction to water. The difference in
potential between two steps is around 0.37-0.40 in IGO-HE, indicating that the two
processes occur far away from one another and can be separated to produce peroxide in
alkaline media, facilitating its application in bleaching industry. The % peroxide and
electron transfer number were calculated by recording the LSV using a Rotating Ring Disk
electrode (RRDE). The % HO- ~and electron transfer number (n) was measured according

to the equation below:
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% HOZ- = Id)(I—T (1)
N
__ 4xlg

N Id+% (2)

laand I are the disk and ring currents, whereas N is referred to as the current collection
efficiency of Pt ring electrode. N was determined using the redox reaction of KsFe(CN)e
and was calculated to be 0.424. The LSV of IGO-HE exhibited the lowest % HO> ~
generation, which was quantified as 90-95% with an electron transfer number of 2.21 to
2.12 at -0.5V vs Ag/AgCI. This reported % HO> ~ generation is much higher than carbon
black 77.96% (2.44 is the electron transfer number), a common electrode used for onsite

peroxide production [281,

The current density at 2000rpm was found to be higher in the case of IGO-HE as compared
to the traditional carbon black and somewhat higher than that of rMHGO and POG-HE.
The Koutecky-Levich (K-L) equation is used to analyze kinetic parameters such as
effective diffusion coefficient of O2 (Do) and electron transfer rate constant. The Koutecky-

Levich equation is as follows:
11 = 13 + 1k = /B + 1/Jk

where Jk is the kinetic limiting current density, J. is the diffusion limiting current density,
B is the Levich constant and w is the angular rotation rate of the disc electrode (rad/s). The
Levich constant is given by the equation, B = 0.62nFCo(Do)?3v /¢ and Jk = nFkCo , where
n is the number of electrons transferred in oxygen reduction reaction (mol?), F is the
Faraday constant (F=96485 C mol™), Cy is the oxygen concentration (mol cm®), Do is the

effective diffusion coefficient of O, (cm?s™), v is the kinematic viscosity of electrolyte
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(cm?s™) and k is the electron transfer rate constant. The K-L plots (J* vs ©™?) for 1GO-

HE, POG-HE, carbon black and rMHGO at a potential of -0.5V are compared in Figure

4.7(a).
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Figure 4.7. The K-L plots (a), effective diffusion coefficient, Do (b), electron transfer
constant (c), and stability of the catalyst over time (d) of IGO-HE in comparison with other
catalysts.

The slope and intercept of K-L plot affords Levich constant (B) and Jk, which are used to
calculate Do and k. The IGO-HE has a superior O2 diffusion coefficient of 5.51, indicating
smoother and faster diffusion of Oz due to the presence of holes, and an electron transfer
rate constant of 0.21, indicating higher catalytic activity of the edges, in comparison to
other catalyst. The effective diffusion coefficient and rate constant of various electrode

catalysts are compared and elucidated in table 4.2.
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Table 4.2. The effective diffusion coefficient, electron transfer rate constant, and tafel

slope of the catalysts.

Sample Effective diffusion | Electron transfer | Tafel slopes
coefficient , Do rate constant a :
IGO-HE 551 0.21 60.47 118.11
POG-HE 4.40 0.17 61.63 125.09
Carbon black 1.34 0.11 70.73 130
ErHGO 3.81 0.17 62.52 120.58

The kinetics of Oz adsorption can be explained via Tafel plots. The typical ORR of 1GO-
HE exhibits two slopes, one at 60.47mV corresponding to surface reaction rate on the
catalyst, the representative of overall ORR speed of the reaction. An additional slope at
118.11mV in higher over potential region was also recorded, which denotes the
dependence of ORR rate on Oz diffusion (a higher diffusion coefficient), as seen in Figure
4.8. (a). The reported values are similar to that of Pt/C (60mV, 120mV). The IGO-HE also
exhibits tolerance to methanol poisoning, as seen in Figure 4.8. (b), similar to carbon based

catalyst reported in the literature.
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Figure 4.8. The Tafel slope (a), the methanol poisoning in comparison to Pt/C (b), the
electron impedance spectra (c) of IGO-HE.
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Nyquist plots from electron impedance spectra (EIS) were collected to gain insight into the
reaction at the electrode surface. IGO-HE and POG-HE have diminished surface resistance
at the active electrode surface in higher frequency region and the slope of the tail is more

vertical to real axis, indicating superior conductivity of the catalyst, Figure 4.8. (c).

For practical applications, stability and durability of the catalyst are of significant
importance. The chrono-amperometry response of current over time was recorded for IGO-
HE, which exhibited a current decrease to 65.83% by the end of 8hrs, a value much higher
than carbon black (47.28%) and POG-HE (48.45%), indicating the stability of catalyst
towards in situ peroxide generated. A faradaic efficiency of 97% was recorded for 1GO-
HE after 7hrs (from 94% at the beginning), while in the case of carbon black and rMHGO,
it gradually increased to 85% in former case and 80% in latter case. The increased peroxide
production over time indicates modification of catalyst to generate more active centers for
peroxide production and hence decreased stability over time. The intrinsic stability of IGO-
HE exhibited superior performance in various electrolyte solutions, as, elucidated in

Figure 4.9.
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Figure 4.9. The intrinsic stability of catalysts in various electrolyte solutions, (a-c) buffer,
(d-f) 0.1M KOH, (g-i) 0.5M H2SOa.

The sweep step function in electrochemistry helps us to understand the stability of the

compound when it is oxidized at higher potential and then the CV recorded. The compound

which is resistant to oxidation remain similar without any change in the CV before and

after the testing whereas the one’s which are not resistant show reduction peaks, which can

be reversible or irreversible.

In buffer solution i.e. pH 7, ten CV’s were recorded in the potential range of -1.25V to

+1.2V. The electrode is swept to a potential from 0 to +1.2V and then it is kept at that

particular potential for 2hrs. Subsequently, it is swept to 0V, then to -1.25V and again to

OV. After this step, ten more CV’s were recorded from -1.25V to +1.2V. The overlay of
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the CV’s before and after stability testing, indicates that the IGO-HE exhibits higher
stability, when compared to carbon black which has reversible intrinsic oxidation and
reduction peaks. However, POG-HE exhibits a reduction peak after undergoing the

stability testing, represented in Figure 4.9. (a-c).

In basic solution, i.c., 0.1M KOH, ten CV’s were recorded in the potential range of -1.5V
to +0.5V. Then the electrode is swept to a potential from 0V to +0.5V and then it is kept at
that particular potential for 2hrs. Subsequently, it is swept to 0V, then to -1.5V and again
to OV. After this step, ten more CV’s were recorded from -1.5V to +0.5V. The overlay of
the CV’s before and after stability testing, indicates that the IGO-HE and POG-HE exhibits
superior stability compared to carbon black which exhibits reversible intrinsic oxidation

and reduction peaks after stability testing, represented in Figure 4.9. (d-f).

In the case of acidic solution, i.e., 0.5M H2SOa, ten CV’s was recorded in the potential
range of -0.9V to +1.5V. Then the electrode is swept to a potential from -0.9V to +1.5V
and then it is kept at that particular potential for 2hrs. Subsequently, it is swept to 0V, then
to -0.9V and again to OV. After this step, ten more CV’s were recorded from -0.9V to
+1.5V. The IGO-HE and carbon black exhibits reversible intrinsic oxidation and reduction
peaks after stability testing, whereas no change is observed in POG sample, as represented
in Figure 4.9. (g-i). The above data gives us information about the superior stability of
IGO-HE when compared to carbon black and POG-HE in various electrolyte solutions with

different pH.
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4.3. Conclusion

The present invention offers advantages for the large-scale synthesis of holey structures,
which are as follows: [1] The use of microwave irradiation makes the approach rapid and
low-energy consuming. [2] Dry oxidation chemistry eliminates the need for post treatment
to obtain the product. [3] Cheap raw materials are used, since intercalated graphite flakes
were utilized. [4] The use of H2SO4, ammonium persulfate and O for the intercalation
process marks the approach to be environmentally friendly. [5] The holey
graphene/graphite synthesis does not require cleaning of the product after microwave
irradiation. [6] The as fabricated holey graphene does not have high oxygen containing
functional groups, which leads to superior conducting properties. These benefits allow for
the practice of the above-mentioned technique for large-scale synthesis of holey
graphene/graphite structures with superior conductivity of 35,195S/m, allowing its
application as electro catalyst for reduction of O,. The as synthesized holey structures can
be used for the onsite peroxide production, which is an important bleaching agent in paper

and textile industry.

4.4. Experimental section

4.4.1. Material synthesis

IGO-HE synthesis: Graphite intercalation compound with SO42 is achieved by following
the recipe process described by Tour’s group. In brief, 1000mg of ammonium persulfate
(reagent grade 98%, Sigma Aldrich) was dissolved in 10ml H2SO4 (98% Pharmaco Aaper).
The solution mixture was stirred for 5-10mins to dissolve the salt and form a uniform

suspension. To this solution mixture, 200mg of graphite flakes were added (size >500um).

149



The reaction mixture was stirred for 6hrs to form the reversible graphite intercalation
compound. The graphite intercalation compound is purged with O, at the rate of 90-
120ml/min for a period of 1hr and then the sample is quenched in 200ml of water and then
washed via vacuum filtration through a polycarbonate membrane with a pore size of 0.8
pm using 200ml water each for four times. The product was dried in the oven at 80°C

overnight.

Approximately 50mg of the above sample, referred to as Intercalated Graphite with O>
(1GO), was microwaved at different powers, pursuing pulse radiation of 5sec each. The
obtained product is a dry oxidation chemistry approach and hence does not need further

cleaning of the sample. The product is collected and characterized.

For the expansion of the IGO, approximately 50mg of the sample was microwaved at 200W
for 5sec in a CEM microwave vessel. The obtained product was collected as such without
any post treatment (IGO-exp). For the generation of only holes on the 1IGO sample,
approximately 50mg of the sample is taken and microwaved twice at 300W for 5sec each
(total 10sec) in a CEM microwave vessel. The obtained product was collected as such
without any post treatment (IGO-H). For the generation of holes and edges on the 1GO
sample, approximately 50mg of the sample is taken and microwaved at 300W for 5sec
each for three times (total 15sec) in CEM microwave vessel. The obtained product was

collected as such without any post treatment (IGO-HE).

POG-HE synthesis: Graphite intercalation compound with SO42is achieved by following
the recipe process described by Tour’s group. In brief, 1000mg of ammonium persulfate
(reagent grade 98%, Sigma Aldrich) was dissolved in 10ml H2SO4 (98% Pharmaco Aaper).

The solution mixture was stirred for 5-10mins to dissolve the salt and form a uniform
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suspension. To this solution mixture, 200mg of graphite flakes were added (size >500um).
The reaction mixture was stirred for 6hrs to form the reversible graphite intercalation
compound. The graphite intercalation compound is purged with O, at the rate of 90-
120ml/min for a period of 1hr and then heated at 80°C for 1hr. This sample is quenched in
200ml of water and then washed via vacuum filtration through a polycarbonate membrane
with a pore size of 0.8 um using 200m| of water each for four times. The product was dried

in the oven at 80°C overnight.

Approximately 50mg of the above sample, referred to as Partially Oxidized Graphite
(POG), was microwaved three times at 200W for 5sec each (total 15sec) in a CEM
microwave vessel. The obtained product was collected as such without any post treatment

and characterized.

rMHGO (reduced Microwave holey GO): In a 50ml round bottomed flask, 20mg of
graphite powder (Sigma Aldrich, <20um lateral size) was added and mixed with 8ml of
concentrated sulfuric acid (98%, ACS grade). The mixture was cooled in an ice bath for
5mins and then to this mixture, 2ml of concentrated nitric acid (70% ACS grade) is added
and further cooled for another 5mins. To this reaction mixture, 100mg of potassium
permanganate (ACS grade) is added and mixed for about 1min until it is properly dispersed
and then subjected to microwave irradiation at 300W for 40sec. The as obtained product is
quenched with 200ml of ice containing 5ml of 35% H>O> and then filtered through 0.2um
polycarbonate filter paper. This is followed by washing with 4% HCI solution and then
with 1000ml of deionized water in 200ml aliquots. The as obtained product is dried in a
vacuum at room temperature for 3 days. The vacuum dried product is placed in a glass

boat into the CVD tube and then N> is allowed to flow into the tube for 1hr at 50ml/min.
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The resulting setup is heated at 500°C for 2hrs in N2 and then the sample is allowed to cool
down. The resulting product is cleaned with dil. HCI to remove any contamination and then

dried in the oven at 60°C overnight.

4.4.2. Material characterization

SEM: The surface morphology of the as synthesized catalyst is characterized via Scanning
Electron Microscopy (SEM) using a HITACHI S-4800 Field Emission Scanning Electron
Microscope (FE-SEM, Hitachi Co. Ltd). The SEM sample is prepared by placing the
powder on carbon tape, which is affixed to the stud, and the sample is analyzed by applying

a voltage range of 2-5KV.

Raman spectroscopy: The Raman spectroscopy was collected by depositing the dispersed
samples on an Anodisc membrane and the spectra were collected with a Witech alpha 300
Raman spectroscopy instrument. A laser power of 12W with an integration time of 20sec
and an excitation laser wavelength of 532nm was used to collect the spectra. The spectra

was collected on a sample size of 20um W*H with 4 images per line (total 16 spectra).

XPS: X-ray photoelectron spectroscopy (XPS) is used to detect the functional state of
carbon and oxygen in the holey graphene. A gold substrate is used for the analysis on which
a slurry of the catalyst was dropped (thickness of approximately 30-50nm). The XPS
spectra was acquired using a Thermo scientific K-Alpha system with a monochromatic Al
Ka x-ray source (hv = 1486.7ev). For data analysis, smart background subtraction was
performed and the spectra were fit with the Gaussian/Lorentzian peaks using a minimum

deviation curve fitting method (Advantage software package). The integrated peak areas
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along with the Scofield sensitivity factor were used to determine the functional

composition.

Electronic properties: The IGO-HE and POG-HE samples were sonicated in an ethanol
water solution (3:2 vol ratio) and these solutions were used to make the films. The films
were fabricated by vacuum filtering the above solutions through an anodic filter membrane
with a 0.2um pore size. The films were vacuum dried to remove the residual solvent before
making sheet resistance measurements. The sheet resistance is measured using a four probe
resistivity probe from Lucas laboratories, model 302. The IGO-HE film recorded a sheet
resistance of 115.5Q whereas 230.85Q was recorded for POG-HE. The films were
assembled by using the same concentration of 1.03mg/ml. The graphene films were then
transferred onto Si surfaces after etching the alumina anodic membrane using 4M NaOH.
Then, the sample is washed with water thoroughly until the pH of the washed solution
becomes neutral and the film is transferred onto a silica substrate, which are vacuum dried.
The film thickness for these graphene films was measured with Rutherford Backscattering
spectroscopy (RBS) using a 2MeV He*?ion beam produced in a tandem accelerator with
an ionic current of 2-3nA. Spectra were collected in a back scattering geometry and
simulations were performed using the SIMNRA program. The thickness of the film was
found to be 246nm for 1IGO-HE and 247nm for POG-HE. The conductivity of the films

was calculated from the sheet resistance and thickness using the following formula

1
sheet resistanceXxthickness

Conductivity=
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This formula can be used to measure films thickness not more than half of the probe spacing
(the distance between two probes of the four-point probe instrument). The error in this case

is less than 1%.

4.4.3. Electrochemical measurements

A typical three electrode cell is used to perform the electrochemical oxygen reduction
reaction. A rotating ring disc electrode (RRDE) is used as a working electrode onto which
the catalytic materials were coated. Ag/AgCl is used as a reference electrode and gold
(acidic media)/Pt wire (basic media) is used as the counter electrode. The CV (Cyclic
Voltammetry) and LSV (Linear Sweep Voltammetry) of the as prepared samples were
analyzed by using a computer-controlled potentiostat (CHI 760C CH Instrument, USA).
The working electrodes were prepared by dispersing 4.6mg of the as prepared catalyst in
980ul of NMP and 20ul of 10wt% nafion aqueous solution by sonication and drop casting
15ul of the above dispersed solution onto the RRDE. The electrode is dried under vacuum
and then the dried electrode is immersed into either 0.1M KOH/0.5M KOH/0.5M H2S0O4
solutions which are saturated with N2 gas for Lhour and the cyclic voltammetry is recorded
5 times at a scan rate of 100mV/s. The potential was swept from 0.2 to 1.2 V vs. Ag/AgCl
in basic media, and 0.4 to -0.6V vs. Ag/AgCl in acidic media. The CVs were overlapped
one over another to check if the electrode has been stabilized and then 2 more CVs were
recorded at a scan rate of 10mv/s in N2 saturated electrolyte. Then, the electrolyte is
saturated with Oz for 30mins and then 2 more CVs were recorded at a scan rate of 10mV/s.
This step is repeated one more time and overlapped to see that there is no change in the
onset and peak potentials. Then, the linear sweep voltammetry is recorded at different

rotations per min (400-2000 rpm) with continuous O purging. The % peroxide generated
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(eq.1) and the electron transfer number (eq.2) is calculated from the LSVs. The stability
and durability tests are recorded using the RRDE electrode by stabilizing the electrode

through recording CVs prior to the testing.
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Chapter 5- Microwave Enabled Swift One Step Fabrication of
Pd Nanoparticles Embedded into Sandwich like P-doped
Carbon and its Catalytic Application

5.1. Introduction

Selective oxidation of alcohols is one of the most fundamental and industrially utilized
organic reactions, often catalyzed by noble metals such as Aut!, Pd[?, ptl? 31 etc. However,
their cost, particle aggregation, surface alteration by product adsorption, limits the use of
these metal nanoparticles for large scale applications. Stabilizers such as surfactants [,
polymersl®l ligandst® etc., are used to prevent particle aggregation, but resulted in the
interference of catalytic activity. Co-doping a noble metal with another noble metal [ or
with a cheap transition metal ! can reduce the amount of active material required for
catalysis, consequently reducing the cost of overall process with improved conversions and
selectivity. Nevertheless, the problem regarding aggregation, as well as surface alteration

still exist in these bimetallic catalysts.

A porous carbonl® core shell could prevent particle aggregation and surface alteration of
metal in comparison to impermeable graphene layer which needs additional activation (%
to expose the active metal for their catalytic activity. However, regeneration of the catalyst
is inevitable due to surface modifications, thereby rendering a decrease in overall efficiency
of the catalyst. A Heterogeneous catalyst consists of an active phase (metal/metal oxide)
finely dispersed on high surface area supports, thereby reducing metal loading, ensure

recyclability, easy catalyst recovery and prevent particle aggregation.
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The overall reactivity in a heterogeneous catalyst depends on suitable supports ™ which
can aid in altering of acid base properties, redox properties, metal leaching and prevent
particle aggregation. Carbon supports have gained immense interest due to their
sustainability and their synthesis from biomass molecules. However, the metal leaching
was observed due to its poor interaction with carbon support. It was reported that the
heteroatoms such as Oxygen (0O) 21, Nitrogen (N) 2% & 131 Phosphorous (P) ! doped into
carbon supports can act as catalysts themselves due to altered electronic and chemical
properties, compared to their non-doped catalyst. However, the amount of catalyst required
is extremely large (100-200wt %), making it unrealistic for practical purposes. Doped
carbon matrix can be used as a substitute to carbon supports, which promote better

interaction with metal, and hence enhancing their catalytic efficiency.

Owing to the wide application of noble metals in catalysis, metal nanoparticles loaded onto
carbon support was widely studied. In the case of Pd metal, the uniform dispersion of the
metal on the N doped carbon matrix was broadly explored. As reported in literature,
presence of N improves the interaction of reactant with active center*® and N doped
carbon can act as a bulky heterogeneous ligand™>. P which has the same valence as N, has
aroused emergent research interest due to their similar electron rich nature [ in metal free
carbo-catalysis. The activation energy was greatly reduced upon use of P(49.6 k/mol)*4
instead of N doped carbon (56.1 kJ/mol)**d as catalyst for alcohol oxidation. Some of the
factors which can be considered for superior performance of P over N includes; lower
electronegativity of P, which leads to opposite polarity in C-P bond, making P to be the
active center™], rather than C, which was reported in the case of N doped carbon catalyst

[13¢. 18] Theoretical and experimental results** 178 reported the observation of structural
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distortion upon doping of large diameter P into carbon matrix, hence reducing steric
hindrance effect observed in case of N doped carbon catalyst!*3¢ 9. Additionally, vacant 3d

orbitals in P may exhibit distinct effects in comparison to N.

Current studies have been focused on N doped carbon support and their influence on loaded
metal nanoparticles. For the first time, we report the influence of phosphorous doped
carbon support on Pd and its catalytic activity in the oxidation of alcohols. Most of the
metal loaded onto heteroatom doped carbon support were synthesized via co-
precipitation*®l, impregnation[?’, etc., under inert conditions. The initial step involves
doping of carbon with heteroatom, followed by immaobilization of metal nanoparticles. The
synthesis consists of long reaction times and inert environmental conditions, thus
increasing, the complexity of fabrication process. In this work, a simple one step
microwave approach was utilized, with phytic acid, a biomass molecule, which acts as both
carbon and phosphorous source. The reaction is carried out under atmospheric conditions,
subjected to microwave irradiation for 50sec. Carbon not only acted as a carbon source,
but also reduced ™Y the metal salt (Pd in this case) along with external reducing agent,
ethylene glycol. A Mesoporous structure with nanoparticles was observed via SEM, and it
is embedded in between a phosphorous doped graphene-like carbon matrix. Hence
additional protection to metal particles against surface oxidation was provided and thereby
preventing necessity for reactivation of the catalyst. Different wt% loadings of Pd
incorporated into phosphorous doped graphene like carbon (Pd-PGc) were synthesized,
with 80% of Pd as Pd° in 3% Pd-PGc. 3% Pd-PGc synthesized exhibited a higher
conversion of 85% with TOF of 23000h™ higher than PA@NGc (14600h ™)1 and Pd@Gc

(2940nh ™Y1 indicating enhanced performance of the catalyst.
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5.2. Results and Discussion

The Pd nanoparticles, which are embedded into porous doped carbon and sandwiched in
between the phosphorous doped graphene like carbon in a facile one step approach was
synthesized via microwave chemistry. In this work, phytic acid a biomass and anti-nutrient
molecule which acts as both carbon and phosphorous source was used. Different wt%
loadings of Pd into PGc was synthesized and labelled according to the weight of Pd, as
quantified via EDS (1%, 3%, 5%, 7% Pd-PGc). SEM of 3% Pd-PGc revealed Pd

nanoparticles to be embedded inside porous matrix and are covered with a blanket of

phosphorous doped graphene like carbon sheet as shown in Figure5.1.(b).

Total particie counts: 215

: (f)

Counts

13 5 7 9 1 1315 17 192 23 25
L e R PN _— v ' Diameter / nm

Figure 5.1. The SEM of 3% Pd-PGc, wrinkled morphology (a), Pd nanoparticles
embedded in PGc blanket (b). STEM imaging of 3% Pd-PGc, showing 10nm Pd
nanoparticles (c) distributed uniformly and HRTEM image of Pd nanoparticles with
crystal lattice of Pd® (d,e) and histogram of the particle size distribution in 3% Pd-PGc(f).

The wrinkled morphology can be attributed to the doping of phosphorous into carbon

matrix, as reported previously by our group . HRTEM revealed Pd nanoparticles with a
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size distribution of 10nm and with crystal lattice spacing of 2.340A" and 2.442A°,
characteristic of Pd®, supported by typical 20 at 40° by XRD. The intensity of Pd® increases

with increased Pd loading, Figure 5.2. (a). The 20 reflection observed at 24-26" accounts

for presence of graphitic domains, as reported in PGc, and is supported by the presence of
G band (=1570cm™) corresponding to non-defective graphene 221231 in Raman spectra.

Figure 5.2. (b).
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Figure 5.2. The XRD (a), and Raman spectra of 3% Pd-PGc with other catalyst, with their

graphitic crystalline sizes listed in adjoining table.

The nature of porous carbon and its influence on surface area of Pd-PGc was studied via
Brunauer—Emmett—Teller (BET) and BJH adsorption-desorption isotherms. PGc exhibits
a surface area of 704.01m?/g, whereas the presence of Pd in Pd-PGc increased its surface
area by 50-60%, Figure 5.3. (a). According to IUPAC classification !, BJH adsorption-
desorption plot exhibits a typical type IV isotherm 2], suggesting mesoporous nature with
multilayer adsorption followed by capillary condensation. The H1 hysteresis, further
demonstrates presence of agglomerates or compacts of spherical particles arranged in a

fairly uniform way. There was no influence of Pd nanoparticles on pore diameter in PGc
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matrix, as summarized in table. The pore diameter of <10nm, indicates the confinement of

the Pd nanoparticles (10nm) in the narrow pore size.

3
o
E 1000+ § 2E-03 4 v PGc
- PGec &+ 1% Pd-PGc
£ 8004 1% Pd-PGc - + 3% Pd-PGC
0 3% Pd-PGc ok - 2B-034 e 3% Pd-IPGc
® 5004 3 e
E 5 3 £ 1e-034
. 5 o
g “ R L
» Logoed® ~ 5E-044
® 200+ omo-d
-s- 0. 0E+004
5 YRR YREYREYREY 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Relative Pressure (P/Po) Relative pressure(P/Po)
Catalyst Surface area | Avg pore R? Slope Intercept
(m2/g) diameter
(adj/Des)
nm
PGc 704.01 8.13/6.97 0.99795 0.00619 2.54722e-6
1% Pd-PGc 1084.00 7.88/6.45 0.99855 0.00401 2.64131e-0
3% Pd-PGc 1133.16 8.21/6.83 0.99906 0.00384 5.38863e-6
3% Pd- 1088.92 7.90/6.45 0.9985 0.00401 3.46957e-7
IPGc

Figure 5.3. The BET isotherm with summary of surface areas of PGc and Pd-PGc, along
with their pore size distribution.

The surface chemical functionalities, was recorded via XPS. Deconvolution of Pd in 3%
Pd-PGc resulted in 80% as Pd® and remaining 20% was assigned to Pd*2, with a total of
0.2% of Pd in the material, Figure 5.4. (a). The C/O ratio was 7.34, where 67% of carbon
is present as sp? suggesting graphitic domains. Deconvolution of phosphorous spectra
revealed presence of an additional peak in the case of Pd-PGc, which accounted for Pd-P-
O with a binding energy of 133.7ev. This suggests formation of metal phosphate ligands

like structure in Pd-PGc, Figure 5.4.(b). The characteristic peaks of C-P bond at 132.6ev
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and P-O bond at 135ev was recorded, which are observed in PGc, Figure 5.4., table 5.3.
The FTIR spectra revealed that the as synthesized Pd-PGc exhibits similar peaks as PGc,
however there were blue shifts observed at 1200cm™ in the case of 3% Pd-PGg, indicating

formation of Pd/C-P-O bonds, Figure 5.4.(e).
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Figure 5.4. The XPS deconvolution spectra of Pd (a), P (b), C (c), O (d) in 3% Pd-PGc,
and FTIR spectra of Pd-PGc in comparison with PGc (e).

Following this approach, different non-noble metals such as Co, Ni, Fe etc. were loaded
into PGc matrix via one step microwave approach. The wrinkled morphology was observed
via SEM with nanoparticles embedded in PGc matrix, and EDX analysis indicated the

presence of respective metal, Figure 5.5.
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Figure 5.5. The SEM images of Co-PGC (a,b), Ni-PGC (a,b), Fe-PGC (a,b) along with
their EDAX spectra indicating presence of the corresponding metal.

The Pd-PGc was tested as a catalyst for oxidation of benzyl alcohol with green oxidant, O>
in this current study. Increase in wt % of Pd in Pd-PGc enhances conversion of alcohol up
to 3% metal loading, entry 4, table 5.1. Further Pd increase does not exhibit enhanced

results (5% and 9% Pd-PGc), hence 3wt% Pd-PGc was used as catalyst of choice. The
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efficiency of 3% Pd-PGc is realized by conducting benzyl alcohol oxidation at different
temperatures (entries 1, 8, 9), different wt% of catalyst in reaction mixture (entries 1-7)
and different time intervals (entries 5,9-11) as listed in table 5.2. As the temperature is
increased, time required to reach desired conversion is decreased by preserving selectivity
of the catalyst. A conversion of 86% was achieved with 10wt% of catalyst, with a TOF of

23000h, at 120°C for 4hrs. The reported turnover is 0.64 times higher than Pd@NGc!*57,

Table 5.1. The reaction was performed with different Pd weight loadings onto PGc with
5wt% of the catalyst at 80°C for 24hrs with benzyl alcohol. 10ul of nitromethane was added
as an internal standard and analyzed via *H NMR.

Catalyst | Wt% | % % Selectivity Yield of | Total
S of Conve benzalde | yield
metal | rsion benzalde Benzo | Toulen | Ether hyde

(expe hyde icacid | e

cted)
10.1% 0.1 4.79 97.35 2.65 0.00 0.00 2.27 2.33
Pd-PGC
20.5% 0.5 3.92 97.79 221 0.00 0.00 1.96 2.01
Pd-PGC
%1% Pd- | 1 25.96 78.78 2.43 15.80 2.99 18.95 24.05
PGC
43% Pd- | 3 38.47 77.19 4.19 14.05 4.57 24.19 31.33
PGC
5% Pd- | 7 29.23 77.18 2.56 16.20 4.06 19.10 24.75
PGC
599 Pd- | 9 41.24 77.40 3,51 15.40 3.69 27.14 35..06
PGC
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Table 5.2. The reaction was performed at different temperatures, different time intervals
and different wt% of the catalyst with the reactant , benzyl alcohol. 10ul of nitromethane
was added as an internal standard and analyzed via *H NMR.

Temp | React | Wt% %Con % Selectivity Yield Total
eratu ion of version of yield
re time cataly benzalde | Benzoi | Toul Eth benzal
st ; dehyde
hyde ¢ acid ene er
1g0°c | 24hrs | 5 67.67 71.91 10.89 1253 | 46 | 19.99 27.79
6
2gp°c | 24hrs | 7.5 74.19 69.36 19.88 7.55 32 | 2021 29.15
2
sgpec | 24hrs | 10 74.97 68.20 19.05 10.48 | 2.2 | 20.71 30.38
7
4190° | 4hrs 25 59.72 68.26 4.20 2275 | 4.7 | 16.91 24.77
C 8
5100° | 4hrs 5 67.14 68.87 3.85 2250 | 4.7 | 40.58 58.92
C 9
6120° | 4hrs 7.5 75.58 62.45 11.79 21.75 | 4.0 | 19.93 24.77
C 0
7120° | 4hrs 10 69.40 70.72 7.16 18.66 | 3.4 | 21.12 31.91
C 6
8100° | 24hrs | 5 77.49 74.55 5.51 17.18 | 2.7 | 21.04 28.22
C 6
9120° | 24hrs | 5 95.29 61.94 20.99 1349 | 35 | 34.86 56.29
C 9
10190° | 16hrs | 5 88.88 54.82 25.39 1458 | 52 | 36.22 66.07
C 1
11190° | 8hrs 5 84.01 57.48 21.89 15.40 | 5.2 | 35.08 61.03
C 3

167



To prove the catalytic performance, 3% Pd-PGc was tested for its recyclability. The
selectivity and conversion remained constant even up to 8 recycles preserving their
catalytic activity, Figure 5.6. (a). EDX of the reused catalyst did not exhibit significant
change in wt% of Pd. The higher activity can be attributed to synergy of Pd with PGc,
where the latter might act as a bulky ligand, along with contribution of Pd nanoparticles

detainment in porous structures.

* (a) © (b)

90 90
80 80
70 70
60 60
50 50
40 40
30 30
20 20
10 10

% CONVERSION/SELECTIVITY/YIELD
% CONVERSION/SELECTIVITY/YIELD

0 0
Test0 Testl Test3 Test5 Test7 Test9 3% Pd- 3%Pd- 3%Pd-Gc 3% Pd-C 1%Pd- 1% Pd-GO
RECYCLEABILITY TEST PGc IPGc PGc
TYPES OF PD CATALYST
Conversion Yield of benzaldehyde conversion yield of benzaldehyde
Selectivity to benzaldehyde Selectivity to benzaldehyde

Figure 5.6. The histograms which depict conversion, yield and selectivity of Pd on
different carbon supports (a) and recyclability of 3% Pd-PGc(b).

The lower Pd loading in 1% Pd-PGc reported increased conversion (99%) but selectivity
is greatly decreased. This can be explained by the absence of metal phosphate peak as
analyzed via XPS. The importance of phosphorus in carbon matrix is studied by using Pd
loaded onto different carbon supports along with immobilization of Pd onto PGc matrix
(Pd-IPGc). The 3% Pd-IPGc exhibited a decreased conversion and selectivity (63.12%,

65.30%), with further decrease upon first recycle (52.14%, 62.18%).
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Table 5.3. Summarized quantification of the type of possible bonding in Pd-PGc
samples.

XPS data
Sample Carbon Oxygen C/0 | Phosphorous Palladium
Total | % C-C | % C-O | % O- | Total % % C-0 | %C- %C00 ratio Total | %P-C | %Pd/ | %P-O | Total %Pd® | %Pd*?
(284. | (286. | C=0 | amou | C=0 (532.7 | OH H/ (132.6 | C-P-O | (135.0 (335.9 | (3385
56ev) | 27 (289 | nt (531.0 | 6) (533.2 | Water 6ev) |(133.7 | 8ev) 3,341. |,
ev) .43e dev) 8ev) | (536.52 lev) 19ev) | 343.6
v) ev) ev)
PGc 51.6 | 77.36 | 16.4 6.24 | 31.77 |0 39.97 | 60.03 (O 1.62 | 16.6 | 50.06 | O 49.94 |0 0 0
2 2
1%Pd- | 82.1 | 80.96 | 12,51 | 6,53 | 12.39 | 59.56 | 21.79 | 18.64 | 0 6.63 | 5.31 | 50.09 |0 49,91 | 0.18 33.33 | 66.67

PGc 1

3%Pd- | 86.1 | 67.86 | 21.78 | 10.3 | 11.74 | 25.89 | 28.36 | 41.48 | 4.26 7.34 | 1.93 | 34.72 | 41.45 | 23.83 | 0.2 80 20 0
PGc 6 5

3%Pd- | 86.9 |68.27 |21 10.7 | 11.34 | 19.13 | 24.51 | 51.59 | 4.76 7.66 | 1.49 | 443 | 40.94 | 14.77 | 0.23 65.22 | 34.78 |0
PGc1® |4 4
use

3%Pd- | 75.6 | 68.68 | 20.47 | 10.8 | 19.18 | 43.07 | 40.67 | 7.40 | 8.86 3.95 | 4.31 | 7.66 0 92.34 | 0.85 83.53 | 16.47 |0
IPGc 7 5

3%Pd- | 812 |48.35 | 41.12 | 10.5 | 16.73 | 3.95 32.64 | 58.04 | 5.38 7.86 | 1.98 | 34.85 | 51.01 | 14.14 | 0 0 0 0
IPGc 1% | 9 3

use

3%Pd- | 87.1 |69.94 | 16.07 | 13.9 | 10.42 | 13.41 | 30.96 | 42.56 | 13.08 837 |0 0 0 0 24 49.17 | 32.5 18.3
AC 7 8 3
3%Pd- | 90.1 |73.33 | 10.99 | 15.9 | 9.85 |4.47 40.30 | 40.30 | 9.15 0 0 0 0 0 0 0 0
AC1® 6 8

use

The SEM of 3% Pd-1PGc indicated the presence of Pd nanoparticles on the surface, Figure
5.7., hence suggesting leaching of the metal nanoparticles into reaction mixture, thereby
decreasing conversion after 1%t recycle. However, an additional Pd-P-O peak, was observed
via XPS (table 5.3.), proposing catalyst modification during oxidation. Similar conversions
and selectivity’s were reported for Pd decorated on GO!?®l and porous carbon, emphasizing

the structural property influence in Pd-PGc for oxidation reactions.
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Figure 5.7. The SEM image of 1% Pd-PGc (c,d), which shows porous structures in cross
sectional view and Pd-IPGc(e,f) which indicates presence of immobilized Pd on surface.

To further understand the kinetics of O> reduction, the electro-catalytic activation of O of
Pd-PGc was examined by performing ORR in 0.1M KOH. The increased Pd loading in Pd-
PGc exhibits higher reduction potential with lower peroxide generation and electron
transfer number (17%, 3.65e” for 3% Pd-PGc and 34%, 3.31e” for 1% Pd-PGc), whereas
the reduction potential decreases in 3% Pd-1PGc (32.3% and 3.35e") Figure 5.8. The results
suggest higher energy requirement for O dissociation in the case of 3% Pd-PGc whereas
its unique structure of Pd with phosphorous allows the catalyst to reduce O with

domination towards 4e".
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Figure 5.8. The plot of various %Pd on PGc and IPGc matrix with onset potential (a), their
% peroxide and electron transfer number (b), and their current density (c) vs. potential
(Ag/AQCI).

To understand the mechanism of alcohol oxidation, the active center and the role of
oxidant, more experiments were pursued. Intrinsic effect of support in the oxidation of
benzyl alcohol was not observed entry 1, table 5.4., when PGc was used. It was also
observed that, the reaction proceeds via 1% order kinetics with an activation energy of
22.57+2 kJ/mol, which is lower than actual Pd® or Pd nanoparticles loaded onto various
supportst?l, but complies with Pd loaded carbon supports?®, indicating the synergy of

metal with support, Figure 5.9.
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Figure 5.9. The kinetics of Benzyl alcohol oxidation at different temperatures (a) and its
activation energy plot (b).
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Alcohol oxidation when conducted in N2, greatly decreased conversion to 6% (entry 3,
table 5.4.) and conversion was regained to 77% (entry 4, table 5.4.), when the same
catalyst was reused with O>. Addition of BHT (Butylated Hydroxyl Toluene), a known
radical quencher, decreased conversion to 33%, whereas no peroxide is detected when
analyzed via HPLC. These results suggest that O is the primary oxidant with reactive O

(*Ag) 2% as the species.

Table 5.4. The reaction was performed at 120° C for 4hrs with 10wt% catalyst, Immol of
benzyl alcohol. 10ul of nitromethane was added as an internal standard and analyzed via
'H NMR.

Catalyst % % Selectivity Yield of Tot
Convers b deh al
. enzalde i
1on benzaldeh | Benzo | Toule | Eth | yqe yiel
A d
yde icacid | ne er
IpGC 6.94 100 0 0 0 2.86 2.86
2No catalyst_120C 3.97 39.03 60.97 0.00 0.00 | 0.77 1.97
_4hrs
3% Pd-PGC 6.81 65.23 0.00 34.77 0.00 | 4.62 7.08
_120C_4hrs_N2
43% Pd- 77.04 72.15 5.24 22.61 0.00 | 44.48 61.6
PGC_120C_ 5
4hrs_Nz_O:2
3% Pd- 29.55 14.18 0.00 85.82 0.00 | 5.24 36.9
PGC _120C_ 3
4hrs_ BHT
63% Pd- 73.67 64.32 8.05 22.69 4.94 | 40.65 63.1
PGC _120C_ 9
4hrs_no BHT
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The following mechanism was proposed, based on the above results, scheme 5.1., where
initial absorption of O, on the Pd occurs, leading to the formation of PdOx species. The
oxidation of alcohol can follow either alkoxy route (2) to generate benzaldehyde or
carbonyloxyl route (3) to generate benzoic acid. The alkoxy intermediate can undergo
disproportionation (4) to generate toluene or it can accepts another benzyl alcohol molecule

and forms benzyl ether %,

,H
7
0, H—C—H —HH

Q 7
|

Pd°

H,0
Toluene 9
Benzyl ether |+ H,04¢ N Benzoic acid
i—H H /

H=C=H,  Benzyl
alcohol /\ |

—0-I

Scheme 5.1. The possible reaction mechanism of alcohol oxidation with Pd® in Pd-PGc.

The scope of the 3% Pd-PGc was further explored for oxidation of various primary,
secondary, allylic alcohols etc., table 5.5. 3% Pd-PGc was able to catalyze oxidation of
secondary alcohols (entries 6, 7). However, bulky secondary alcohol (entry 7), lead to low
conversion due to steric hindrance which limits accessibility of reactant to pass through
porous structure and come in contact with the catalytic center. Oxidation of aliphatic
alcohols (entries 11,12), saturated cyclic alcohols which lack unsaturation in the aliphatic

chain (entries 8,9) and aliphatic alcohols (entry 10) exhibited decreased/no conversion.

173



This indicates, the importance of @ conjugated structure to promote 7t-7 interaction between
reactant and substrate, which facilitates the mobility of reactants through porous matrix
and come in contact with the catalytic center. The as synthesized catalyst can also
selectively oxidize 5-Hydroxy methyl furfural (5-HMF), which has a great potential in bio-
refinery field (entry 13). Influence of substituents on benzyl alcohol oxidation was also
studied, where the presence of electron withdrawing groups (entry 4) exhibits lower

conversion and electron donating group’s exhibit similar conversion as benzyl alcohol.

Table 5.5. The reaction was performed at 120° C for 4hrs with 5wt% catalyst, Immol of
alcohol derivatives. 10pl of nitromethane was added as an internal standard and analyzed
via 'H NMR.

Subtrate Subtrate % % Yield % Selectivity
structure Conversio Tota
" IYieI "CHO | -
from d COO
Moles ) ) H
CH COO
@] H
1Benzyl alcohol Ho 88.11 42.1 2.13 44.2 95.18 | 4.82

\Wad

HO

24-methoxy 99 6.84 0.00 6.84 100.0 | 0.00

benzyl alcohol

2%

OCH;,

34-methyl Ho
benzyl alcohol

46.53 17.3 0.64 17.9 96.43 3.57

aVal

CH;

HO

44-nitro benzyl 1.58 1.02 0.00 1.02 100.0 0.00

alcohol

aval

NO,
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54- fluoro Ho 11.63 10.5 0.93 115 91.91 8.09
benzyl alcohol ij 7 0
F
61- phenyl HG CHy 82.96 93.2 0.00 93.2 100.0 0.00
ethanol | 7 7 0
Di phenyl O 2.76 3.01 0.00 3.01 100.0 0.00
methanol HO 0
83-phenyl 1- on | 0.45 0.33 0.00 0.33 100.0 0.00
propanol 0
Cinnamyl x on| 40.36 26.5 0.00 26.5 100.0 0.00
alcohol 6 6 0
YButanol Ho/j 1.05 1.04 0.00 1.04 100.0 0.00
0
1Cyclohexanol OH 4.20 3.81 0.00 3.81 100.0 0.00
@ 0
2Cyclohexane OH 0.09 0.07 | 0.00 0.07 | 100.0 | 0.00
methanaol | 0
135-OH methyl 0 44.65 37.2 0.73 38.0 98.08 1.92
furfuraldehyde OH 9 2

=
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14Thiophene S OH 8.15 4.38 0.00 4.38 100.0 0.00
methanol @_/ 0

5.3. Conclusion

In summary, we have reported for the first time, microwave assisted single step fabrication
of Pd embedded in phosphorous doped graphene-like carbon. Pd-PGc has a high surface
area of 1133m?/g with mesoporous structure, confining the nanoparticles. These Pd
nanoparticles were embedded in porous structure and are sandwiched between
phosphorous doped graphene like carbon, providing protection against surface oxidation.
The nanoparticles are in the range of 10nm, with an additional P deconvolution peak
indicating formation of Pd-P-O. Different transition metals such as Co, Fe, Ni etc., in
phosphorous doped graphene like carbon were fabricated. The as synthesized Pd-PGc were
tested for their catalytic activity for alcohol oxidation. 3% Pd-PGc exhibited high
conversion of 80-90% with a high TOF of 23000h™, which is 0.65 times higher than
Pd@NGc. The enhanced catalytic activity can be attributed to the presence of P in carbon
matrix which acts as a bulky ligand attached to Pd. The as synthesized catalyst maintains

conversion and selectivity up to 8 cycles, indicating reusability of catalyst.

5.4. Experimental conditions

5.4.1. Catalyst synthesis

Pd-PGc-MW: In a typical experimental procedure, various loadings of Pd-PGc are
synthesized by weighing required amount of PdCl, (99.9% Pd from STREM chemicals,
CAS # 7647-10-1, 0.133mg for 0.1wt% Pd-PGc, 0.666mg for 0.5wt% Pd-PGc, 1.9mg for
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1% Pd-PGc, 5.3mg for 3wt% Pd-PGc, 6.7mg for 7% Pd-PGc, 12mg for 9wt% Pd-PGc into
a 35ml Pyrex glass vessel (CEM, # 909036). The salt is dissolved by adding 0.5ml of
acetone via bath sonicator. To this solution, 56.3ul of Ethylene Glycol is added and further
sonicated. To the reaction mixture, 1ml of Phytic acid (Sigma Aldrich, 50 w/w % is added
in water) is added and closed with a Teflon lined cap (CEM, # 909235). This sample is
sonicated again in bath sonicator for 5mins to get a uniform suspension and then is placed
in 500ml glass beaker and covered with a watch glass. This assembly is now placed in
microwave (Panasonic commercial microwave 1000W) and subjected to microwave
irradiation to 50sec. After microwave treatment, the microwave door is opened with fume
hood door closed, to allow the reaction tube to cool down and remove gases generated
during reaction. The resulting product is sonicated with ethanol via bath sonication and
then filtered using a 0.8um polycarbonate filter paper (Millipore, ATTP 04700). The

product is washed with water (1000ml) and ethanol (200ml), and is dried in oven at 80°C

overnight.

PGc: The PGc carbon material is synthesized as described in our previous work®. In
brief, 1ml of phytic acid is subjected to 50sec of microwave irradiation. This sample is
filtered using a 0.8um polycarbonate filter paper. The product is washed with water

(1000ml) and ethanol (200ml), and is dried in oven at 80°C overnight.

Pd-1PGc: In a glass vial, 2.8mg of PdClI: is sonicated with ethanol for 30mins. This PdCl.
suspension is added dropwise to PGc solution (40mg bath sonicated in 10ml of water). The
reaction mixture is stirred at 600rpm at 60°C for 12hrs. Later, NaBH, solution (0.2mol%, 5

equivalents) is added dropwise while sonicating the solution for 30mins. This solution is
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filtered using a 0.8um polycarbonate filter paper, and is washed with water (1000ml) and

ethanol (200ml). The as obtained product is dried in oven at 80°C overnight.

Pd-C: The Pd-C is used as received from Sigma Aldrich (CAS# 237515). The weight

loading of Pd is 3% on the activated carbon support.

5.4.2. Catalyst characterization

SEM/STEM: Surface morphology of the as synthesized catalyst is characterized via
Scanning Electron Microscopy (SEM) and the distribution of Pd nanoparticles in PGc
matrix is analyzed with Scanning Tunneling Electron Microscopy (STEM) using a
HITACHI S-4800 Field Emission Scanning Electron Microscope (FE-SEM, Hitachi
Co.Ltd). The SEM sample is prepared by placing the powder on carbon tape, which is
fixed to the stud and sample analysis is executed by applying a voltage range of 2-5KV,
whereas STEM sample is prepared by sonicating the sample in water (approx. 1mg in 5ml
water) for 1min. The as prepared solution is drop casted onto Cu grid mesh size 400, which

is dried under vacuum and then analyzed at 30KV accelerating voltage.

EDS: The weight % of metal loading (Pd, Co, Fe, Ni) onto the PGc support is analyzed via
Energy Dispersive X-ray Spectroscopy (EDS). The sample is prepared by drop casting
slurry of sample onto a carbon tape and allowed it to dry. An accelerating voltage of 15-

20KV is used to collect the spectra.

XRD: The crystal structure of the nanoparticles were studied using Bruker D8-Eco X-ray
powder diffraction instrument (XRD) which is equipped with a Cu Ko irradiator
(A=0.154056nm). This instrument is interfaced to a computer equipped with Eva-

diffraction suit software for data treatment/analysis. The samples are grounded into fine
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powder in a mortar and pestle and then they are filled into X-ray holder which is placed on

the stage and X-ray diffraction collected from 5-45° 20.

XPS: X-ray photoelectron spectroscopy (XPS) is used to detect functional state of the as
dispersed Pd nanoparticles along with that of PGc. The Silica substrate (Silicon Prime
Wafers P type, Boron dopant, thickness 500+/-25u with a resistivity of 0.001-0.005Qcm)
is used for analysis on which the slurry of catalyst were dropped (thickness of
approximately 30-50nm). XPS spectra was acquired using a Thermo scientific K-Alpha
system with a monochromatic Al Ka x-ray source (hv = 1486.7ev). For data analysis, smart
background subtraction was performed and the spectra were fit with Gaussian/Lorentzian
peaks using a minimum deviation curve fitting method (Advantage software package). The
Integrated peak areas along with Scofield sensitivity factor were used to determine the

functional composition.

TEM: High resolution transmission electron microscopy was used to investigate the
structure of obtained materials using a HRTEM acquired by a FEI Titan G2 60-300 with
an image-forming Cs corrector at an accelerating voltage of 80 kV.

Raman spectroscopy: Raman spectroscopy was collected by depositing the dispersed
samples on anodisc membrane and the spectra collected with Witech alpha 300 Raman
spectroscopy instrument. A laser power of 12W with an integration time of 20sec and
excitation laser wavelength of 532nm was used to collect the spectra. A total of 5 spectra
were collected for each sample.

FTIR: FTIR (Fourier transform infra-red)spectra was collected by depositing thin films on
ZnSe windows and  were acquired with a Thermo-Nicolet 6700 spectrometer

(ThermoElectron Corp., Madison, WI), using a sample shuttle and a mercury— cadmium-
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telluride (MCT) detector. Four blocks of 128 scans each were co-added with 4 cm™

spectral resolution and two levels of zero- filling so that data was encoded for every 1 cm™.

BET (Brunauer-Emmett-Teller) measurements: The surface area and porosity
measurements of Pd-PGc were carried out at 77 °K using Micromeritics ASAP 2020. Pd-
PGc sample was dried at 100 °C for overnight under vacuum, prior to measurement. The
pore size was calculated using BJH adsorption-desorption analysis. After BET
measurements, isotherms of the measurement were converted into BET plots and then
specific surface area of catalyst was calculated using value of slope and intercept of linear
best fit line using BET equation.

1 _c—1(P 1
QI(PO/P)—1] ~ Qme <P_o>+ Wme

Here, Q isthe adsorbed gas quantity, Qm is the monolayer quantity of adsorbed gas (N2),
c is the BET constant, P and Pg are the equilibrium and the saturation pressure of

adsorbates at the temperature of adsorption, respectively.

5.4.3. Oxidation of Primary Alcohols

Benzyl Alcohol (>- 99%) from Millipore, DL-sec-phenyl ethyl alcohol (97%), from Acros
organics; Cyclohexane methanol (99%),4-nitrobenzyl alcohol( 99%), Nitromethane
(+98%), from Alfa aesar; 3-phenyl-1-propanol ( >98%), 4-methoxy benzyl alcohol (
>98%) from TCI; n-butanol (anhydrous 99.8%), 4-methyl benzyl alcohol (98%), Diphenyl
methanol (99%) 2-Thiophene methanol (98%), cyclohexanol (Reagent plus, 98%),
Cinnamyl alcohol (>-98%), 4-Fluorobenzyl alcohol (97%), 5-Hydroxy methyl
furfuraldehyde (99%) from Sigma Aldrich. All the above chemicals were used in the

catalytic reaction as received.
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The aerobic oxidation of the alcohols was carried out by placing required amount of
catalyst and the reactant in a 10ml Pyrex glass vessel (CEM, # 908035). The reaction vessel
is sealed with PTFE lined Aluminum cap and then it is evacuated and filled with latm of
O.. The reactions are performed in various reaction conditions and they are listed in foot
note of that particular table. The reaction is quenched by adding Nitromethane as an
internal standard and then with CDCls as deuterated solvent and *H NMR collected. The

catalyst is separated from the reaction mixture by filtration using 0.2 pum syringe filter.

For Kinetic studies, experiments were carried at different temperatures. 20ml of water is
purged with Oz and then the catalyst is added into water solution and further purged with
O for another 15mins. 15ul of Benzyl alcohol is added and the reaction vessel is sealed
with PTFE lined Aluminum cap. Sample is collected for every 15mins, and the amount of
product consumed vs. amount of product formed over time is analyzed with HPLC (Varian
Pro-star with C18 column) using water (0.44% Acetic acid) and methanol as mobile phase

(50:50).

5.4.4. Electrochemical characterization

For ORR catalytic activity, CV (Cyclic Voltammetry) and LSV (Linear Sweep
Voltammetry) of the as prepared samples were analyzed by using a computer controlled
potentiostat (CHI 760C CH Instrument, USA). A typical three electrode cell was used with
Platinum wire as the counter electrode, saturated Ag/AgCl as the reference electrode and
the RRDE as the working electrode in 0.1M KOH electrolyte. The working electrodes were
prepared by dispersing 4mg of as prepared catalyst in 0.9ml of deionized water and 0.1 ml
of 10 wt.% nafion in aqueous ethanol solution by sonication and drop casting 15ul of above
dispersed solution onto RRDE. The dried electrode is immersed into the 0.1M KOH
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solution which was saturated with N> gas for Lhour and CVs were recorded for 5 times at
a scan rate of 100 mV/s for stabilization of electrode. The potential was swept from 0.1 to
-0.8 V vs. Ag/AgCl, and CVs were overlapped one over another to check if electrode is
stabilized. Then 2 more CVs were recorded at a scan rate of 5 mV/s in N saturated 0.1M
KOH electrolyte. The electrolyte is saturated with O2 for 30 min and 2 more CVs were
recorded at a scan rate of 5 mV/s. This step was repeated one more time and overlaid to
see that there is no change in onset and peak potentials. LSV measurements was carried
out at 2000rpm with continuous O purging. The % peroxide generated (eg.1) and electron

transfer number (eq.2) were calculated from the LSVs using following equation.

200x
% HOz = —X (1)
a”N
_ 4-de
o Id+lﬁr (2)

where lq and Iy are the ring and disk currents measured with RRDE. All the experiments
were conducted at room temperature and t collection efficiency number N was determined
to be 0.424 from redox reaction of KsFe(CN)s . The current densities were calculated using
surface area of the electrode, which is determined by integration of peak current from CV

curves collected at different scan rates of KzFe(CN)e redox reaction.
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Chapter 6- A Novel One Step Microwave Assisted Fabrication
of SnsP3 @ Phosphorous Doped Carbon as a Superior Anode
Material for Sodium lon Battery

6.1. Introduction

Despite lithium ion batteries (LIB) demonstrating a high energy density and
increased cycle life, lithium is considered a limited resource. Hence, contemporary
research has marked the transition for utilization of sodium as a low cost and naturally
abundant metal substituent for LIB’s. However, sodium ion battery (SIB) presents its own
disadvantages such as, less favorable redox potential, slower ion transport and larger
volumetric expansion due to the large Na ion’s radius (0.95 A) in comparison to that of Li
ion (0.6 A). This deteriorates rate capability and Na storing reversibility in SIB’ s. Graphite,
the most commonly used anode material in LIB’s, reports a low discharge capacity (150
mAhg™) upon sodiation/desodiation in SIB’s. A more practical capacity could be achieved
by enlarging interlayer distance or co-intercalation of the graphite electrodes (=300mAhg’
H, The low capacity of carbon electrodes can be attributed to limited sodium host sites,
relatively close potentials for insertion and deposition of Na, low energy capacity and poor
cycling stability. Extensive efforts were pursued in order to develop an anode with a high
energy density and low redox potential. Inclusion of phosphorus into the anode of SIB’s
could result in a high theoretical capacity of 2596 mAhg™ (NasP)! and desired redox
potentials (0.4V vs Na/Na*), however, poor electrical conductivity was observed due to P.
Alloying of Na with metals such as Pb (Nal15Pb4 - 485 mAh g*?), Sn! (Na15Sn4 - 847

mAhg?), Sb (Na3Sb -660 mAh/g?), Bi (Na3Bi - 385 mAhg™), Gel’l (NaGe — 344mAhg
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1y also increases gravimetric capacities of SIB’s. Sn is extensively used to alloy with Na
(NaisSns- 847mAhg?) for its low cost, environmental friendly, high theoretical capacity,
high electrical conductivity and appropriate redox potential in comparison to Sb and Ge.
Nevertheless, enormous volume expansion during the formation of NaisSns (525%) and
NasP (420%), results in capacity decay by pulverization and hence limits practicality of
their usage in SIB’s. This issue can be addressed by formation of metal phosphide with a
theoretical capacity as high as 1133mAhg* (for SnsPs). The reversible conversion of SnsP3
+ 9 Na < 3NaszP + 4Sn prevents continuous pulverization and aggregation of Sn alloy upon
sodiation/desodiation and is referred to as a self-healing mechanism(®l. Experimentally it
was reported that, in SnsP3, thickness of the electrode increased to ~200% after sodiation
whereas upon desodiation, it returned to ~60% of its initial thickness. This indicates that,
the self-healing mechanism is not completely reversible and hence possibility of partial
pulverization cannot be eliminated. Addition of carbon into SnsP3 reduced the thickness
to 11% after desodiationl”, hence improving cycling stability with a discharge capacity of

718mAhg* after 100 cycles .

Henceforth extra protective barriers such as core shell structures with either carbon
nanocomposites (500 mAhg™ at 100 mAhg™ over 150 cycles)® or amorphous Sn-P (465
mAhg™ at 100 mAhg™* over 100 cycles)® were explored in order to mitigate pulverization.
Yu and coworkers™™® reported a yolk shell structure to further enhance the discharge
capacity, to as high as 360 mAhg* (1.5C after 400 cycles). The uniqueness of this approach
could be attributed to presence of in-house void space between carbon core and Sn4P3 yolk
structure, which accommodates to the volume expansion during sodiation/desodiation.

However, practicality of this approach is limited by its complicated multi step procedure,
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(1) fabrication of SnO2 hollow spheres through hydrothermal process, (2) carbonization
and in situ reduction by hydrothermal carbon coating and annealing in Hz/Ar, which results
in Sn@C yolk shell nanospheres, (3) low temperature phosphorization with red P, to
transform Sn nanoparticles to SnsPs@C nanospheres. Recently, SnsP3/reduced graphene
oxide (rGO) hybrids*¥ with a discharge capacity of 362mAhg™ at 1000mAg™ after
1500cycles was reported. The rGO are interconnected to form 3D mesoporous assemblies
which work to buffer volume expansion as well as enhance conductivity during
sodiation/desodiation.  Even though SnsPs is fabricated by simply alloying red
phosphorous with Sn, initial immobilization of SnCl> nanoparticles on rGO is realized,
followed by its reduction with NaBH4 and its phosphorization with red phosphorous at

200°C for 40hr. Prolonged reaction time, however, limits the practicality of this approach.

In our current method, a single step, one pot synthesis of Sn4P3 protected by porous
carbon shell and embedded in the PGc (phosphorous doped porous carbon) was achieved
via microwave irradiation in as short as 100sec. Phytic acid, a biomass and anti-nutrient
molecule, which absorbs microwave radiation and acts as both a phosphorous and carbon
source is utilized. Ethylene glycol, added into the reaction mixture not only acts as a
reducing agent, but also as a microwave absorber. The presence of heteroatoms such as N
promotes better interaction and uniform dispersion nanoparticles. Phosphorous, which has
same number of valence electrons as N, makes the material electron rich and should exhibit
similar phenomenon. As reported in our previous work, PGcl*?), the large atomic radius of
phosphorous generated a wrinkled morphology. This wrinkled morphology creates
additional space in SnsPs covered phosphorous doped porous carbon, to accommodate

volume expansion. The present invention offers following advantages: (1) no toxic
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phosphine is generated (2) energy and time efficient (3) sustainable/cheap resources (for
source of phosphorous and carbon) (4) one-step approach (5) no inert environment was
required. SNP@PGc, was tested for SIB’s, which exhibits a capacity of ~390 mAhg™ even
after 1150 cycles at a charge/discharge current of 1 C, indicating the robustness of electrode

for long term use.

6.2. Results and Discussion

The tin phosphides wrapped with phosphorous doped porous carbon shell and sandwiched
with PGc was achieved in this present work (SnP@PGc-1). Ethylene glycol was used as
an additional reducing agent apart from internal reductant, phytic acid, which is used as a

carbon (31 and phosphorous source, as shown Scheme 6.1.

SnP@PGc-1

Phytic acid

@-=c @=r ®-=0 @ =5n

Scheme 6.1. The Graphical illustration of microwave assisted fabrication of SnP@PGc-1.

The ratio of SnCl; to phytic acid used was 1.23: 1, which upon microwave irradiation for
100sec resulted in SnP@PGc-1. XRD was employed to study phase compounds of the as
synthesized SnP@PGc-1. Sharp diffraction patterns at 28.8° and 31.5°which account for

015 and 107 planes of rhombohedral Sns4P3, Figure 6.1. (a) were observed. This is
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supported by marked d spacing’s of 0.31 and 0.28nm of Sn4P3 crystals, by high resolution
transmission electron microscopy (HR-TEM), which are in good agreement with 015 and
107 planes of rhombohedral SnsP3 Figure 6.1. (d, e). Low resolution TEM image indicates

the uniform distribution of Sn4P3 with carbon shell enclosed in PGc matrix.

(a

SIP@PGe-1

Sn P,

20 30 40 50 60 70 80
2 Theta

Figure 6.1. The XRD diffraction patterns of SnP@PGc corresponding to Sn4P3 and SnP207
diffraction patterns (a), low resolution (b, ¢) and high resolution (d, €) TEM imaging of
SnP@PGc-1.

According to density functional theory calculations™, incorporation of phosphorous
heteroatom with larger atomic size than carbon, induces strain. This leads to distortion of
the carbon skeleton 12, hence explaining the observed wrinkled morphology in SEM,
Figure 6.2.(b). The cross sectional view exhibited wrinkled carbon sheets sandwiching the
phosphorous doped porous carbon and Sn phosphide nanoparticles, Figure 6.2. (a),
whereas EDS mapping revealed uniform distribution of Sn, P, C and O in the as synthesized

SNP@PGc-1, Figure 6.2. (c-f).
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Figure 6.2. The top (e, f) and cross sectional (g, h) morphology of microwave synthesized
SNP@PGc-1 via SEM. EDS mapping of SnP@PGc-1, with morphology in SEM view (a),
mapping view of elements Sn (b), P(c), and overlay of all the elements (d), tremendous
carbon signals outside the sample are from carbon tape.

Surface chemical analysis of SnP@PGc-1 was further recorded by XPS, where survey scan
indicated the presence of Sn, P, C, and O peaks. Deconvolution of Sn indicates its existence
as Sn** corresponding to binding energies of 487ev and 496ev. The spin orbital splitting of
Sn deconvolution peaks was 8.4ev for ShP@PGc-1, lower in comparison to tin oxides
[151 The P deconvolution exhibits additional peaks at 139.6 and 140.3ev, apart from 133.9ev
(Sn/C-P-0) and 134.7ev (C-P-O). Additional peak can be assigned to the presence of
surface oxides corresponding to P-O (533ev) peakl*®l, Figure 6.3. C deconvolution exhibits
presence of graphitic carbon domains (C=C, sp2 carbon, 284.5ev), supporting the G band

of raman spectra, with a graphitic crystalline size of 20.9nm (Figure 6.3. (e)).
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Figure 6.3. XPS deconvolution of tin (a), phosphorous (b), carbon (c), and oxygen (d).
Raman spectra of SnP@PGc-1 with characteristic D and G band and their corresponding
graphitic crystalline size.

The influence of PGc matrix on surface area of SnP@PGc’s were analyzed by Brunauer—
Emmett-Teller (BET) technique. PGc exhibits a higher surface area of 704.01m?/g,
whereas 17.19m?/g was recorded for SnP@PGc-1. This indicates the chelation of metal
with phytic acid to form tin phosphides happened in the majority, rather than its

contribution to form the PGc matrix, Figure 6.4.
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Figure 6.4. BET surface area analysis of PGc (a), and SnP@PGc (b, c, d, e) showing
hysteresis in the adsorption - desorption isotherms.

Ex situ ATR-IR was studied to monitor changes in the reaction mixture at different
microwave irradiation time. A peak at 3300cm™ accounts for presence of —OH species,
attached to phosphate moieties in the parent phytic acid molecule along with its
contribution from water solution (phytic acid 50% (w/v) in water). The addition of SnCl;
lead to attenuation of the C-O-P peak at 1000-1160cm™, indicating the formation of tin
phytate chelate. Upon microwave irradiation, at 40sec, disappearance of OH peak,
followed by cleavage of hydrogen phosphate moiety 71 (1640cm™) was observed. This
indicates initial dehydration of reaction mixture to form gel, followed by cleavage of
phosphate moiety to generate red phosphorous (visually observed). The red phosphorous
then reacts with Sn to synthesize SnsPs. Additional peaks at <1000cm™ and at 1500cm*

indicates formation of phosphorous doped graphene like carbon structures, Figure 6.5 (a).
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Figure 6.5. The ATR-IR at different MW irradiation times (a) which depicts the cleavage
of phosphate moiety in SnP@PGc-1, whereas no cleavage of phosphate moiety was
observed in case of SnP@PGc-2 and 3.

The resulting SnP@PGc samples were tested for their energy storage performance in Na
ion battery. SnP@PGc-1 demonstrated an outstanding cycling performance after first cycle
as shown in Figure 6.6. (a). The reversible capacity as high as 515 mAh/g was maintained
after 750 cycles at a charge/discharge current of 0.2C with about 80% capacity retention
compared to the 10" cycle. A capacity of ~390 mAh/g was maintained even after 1150
cycles at a charge/discharge current of 1 C as reported in Figure 6.6.(b). The enhanced rate
capability was recorded with stable desodiation capacities of 650, 565, 490, 410, 320, 230
mANh/g at charge/discharge current densities of 0.2C, 0.5C, 1C, 2C, 4C, and 8C. When
current density is finally returned to its initial value of 0.5 C, the capacity completely
recovered, implying excellent tolerance for rapid sodium ion insertion/extraction cycles.

This can be ascribed to the uniform distribution of tin phosphide nanoparticles and highly
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conductive network of phosphorous doped carbon formed in situ during synthesis and

thereby preventing their agglomeration.
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Figure 6.6. Reversible capacities at 200mAhg™ for 750cycles (a), and the maintained
discharge capacity even at 1150cycles after change in the current density to 1000mAhg™.
Cycling performance using different charge/discharge rates (c). Sodiation/desodiation
capacities and corresponding voltage profiles at different current density (d), Galvanostatic
charge-discharge voltage profiles at a current density of 100 mA/g for SnP@PGc-1(e) at
different cycles.

The sodiation-desodiation curves of different cycles for SnP@PGc-1 under a
constant current density of 200 mA/g (0.2 C) was reported in Figure 6.6. (d). The initial
sodiation of the composite provides an overall capacity of 1388 mAh/g Figure 6.6. (e),
with extraction of 60% of inserted Na (832 mAh/g). The initial capacity loss can be
attributed primarily due to consumption of Na-ions for formation of SEI layer during first
discharge step, indicating the activation of electrode. In general, the sodiation curves
consist of a sloping region from 1.5 V to 0 V, with two inclined plateaus at about 0.2 and
0.6 V during desodiation. These inclined plateaus should be ascribed to desodiation of

NaxSn and Nay,P based on previous reports on SnsP3 anodes for Na storage.[-% 181,

195



The TEM of cycled and washed SnP@PGc-1 indicates its structural integrity
without any cracks even after 750 sodiation-desodiation cycles, revealing robust nature of
the electrode and its contribution to their superior performance, Figure 6.7.(a). The above
result indicates that the wrinkled PGc matrix not only provides fast and efficient electron
transport, but also accommodates to volume change during sodiation-desodiation

reactions, which hinders pulverization of the composite.
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Figure 6. 7. The TEM (a) and HRTEM (b) images for SnP@PGc-1 after sodiation. Inset
of Figure (a) is the selected area electron diffraction (SAED) patterns. Cyclic voltammetry
of SnP@PGc-1 (c), and nyquist plot of composite cell after different cycles with inset
showing equivalent circuit used for data fitting (Symbols, experimental data; dashed lines,
fitting results).

The nanoparticles of NaisSns (PDF# 65-2166) with size of about 3 nm can be
clearly detected in the cycled SnP@PGc-1, via HRTEM, indicating the alloying of SnsP3
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with Na Figure 6.7. (b). The HADDF-STEM image and corresponding EDS elemental

mapping in Figure 6.8., demonstrates robust structure of the electrode contributing to its

superior performance by overlapped Sn, P and Na signal.

Figure 6.8. HADDF-STEM image in the inset (a) and corresponding Sn, P, Na, and C
elemental mapping for SnP@PGc-1 after sodiation.

To get a detailed information in regards to the electrochemical reaction, cyclic
voltammetry (CV) of SnP@PGc-1 sample was investigated at a scanning rate of 0.1 mV
st in voltage range of 0-1.5 V vs. Na*/Na (Figure 6.7.(c)). A large reduction peak at 0.4-
0.0 V is observed in cathodic scan, which is in good agreement with galvanostatic charge-

discharge profiles and due to the overlap of sodiation of Sn and P species. In reversed
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anodic scans, the desodiation peak at 0.27 V could be mainly attributed to the de-alloying
reaction of NaisSns. Anodic peaks at 0.65 and 0.85 V could be assigned to the reversible
de-alloying reaction of NasP together with further desodiation of NaxSn. Thus indicative

to the alloying and dealloying mechanism as reported for SnsP3 [ 81,

Electrochemical impedance spectroscopy (EIS) is used to investigate the mechanism for
stable cycling performance of SnP@PGc-1 composite. Figure 6.7. (d) shows Nyquist plots
after different sodiation-desodiation cycles. The Nyquist plot consists of two partially
overlapped semicircles at high-to-medium frequency region and a straight line at low
frequency region. These semicircles correspond to sodium ions passing through SEI film
and charge transfer between electrolyte and active material. A straight line was observed
in low frequency region, which is attributed to sodium ions diffusion inside the active
materials. In the equivalent circuit, inset of Figure 6.7. (d), Re denotes the electrolyte
resistance, corresponding to the intercept of high-frequency semicircle at Zre axis. The Rsei
and constant phase element (CPE1), which correspond to high-frequency semicircle,
denotes the solid electrolyte interface (SEI) layer resistance and dielectric relaxation
capacitance, respectively. The R¢ and CPE2 elements, corresponding to medium-
frequency semicircle, and represent charge transfer resistance and related double-layer
capacitance, and W is the Warburg impedance. The obtained Re, Rsei and Rt values are

listed in table 6.1.
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Table 6.1. Re, Rsei and Rct obtained by fitting experimental data in Figure 7 using
equivalent circuit (inset in Figure 7) for SnP@PGc-1 anode composite after different

cycles.
2nd cycle 10t cycle 50t cycle
Re 6 6.5 9
Rsei 355 309 240
Rct 596 306 33

After cycles, all of the Re and Rsi are reduced, indicating stable interface between
electrolyte and active material and hence explaining extremely stable cycling performance
of composite. The values of R for the cell after 50" cycle is about 33 ©, much smaller
than reported charge transfer resistance for Sn and P composite [*°]. The relatively low Re
can explain better rate capability compared with the reported tin phosphide electrodes in

literature.

Depending on heating technique used and time of heating™®l, the size of the
phosphide particles vary. The size of nanoparticles obtained via microwave irradiation vary
in the range of *20nm (Figure 6.2, SnP@PGc-1), which is much smaller than traditional

heating (=100nm, SnP@ PGc-4, Figure 6.9.), as observed by SEM.
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Figure 6.9. The SEM image of traditionally synthesized tin phosphides (SnP@PGc-4).
SEM exhibits absence of wrinkled morphology (a) with the nanoparticles in the range of
~100nm (b), whereas cross sectional view (c, d) indicates embedment of nanoparticles
between the carbon layers.

The change in the ratio of SnCl, to phytic acid from 1.23: 1 to 1:1(SnP@PGc-2), or
increased microwave irradiation of ShP@PGc-2(SnP@PGc-3) lead to the capacity of 340
and 290 mAh/g after 600 cycles at a charge/discharge current of 0.2C (Figure 6.10.(a) and

6.10.(d)).
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Figure 6.10. The Reversible capacities at 200mAhg™ for 600cycles in SnP@PGc-2 (a),

and for 500cycles in SnP@PGc-2. The capacity fading was attributed to larger particle size

in both SnP@PGc-2 (b, ¢) and SnP@PGc-3 (g, f) by TEM.

The capacity decay can be attributed to larger particles sizes as observed in TEM, and
relatively high impurities ( additional peaks in XRD, Figure 11(a)) in combination with
structural composition (The XPS spectra of the SnP@PGc-2 and ShnP@PGc-3, recorded
the Sn, P, C and O deconvolution peaks, similar to the ShP@PGc-1 with increased spin
orbital splitting to 8.43ev in the former case and 8.41ev in the latter case in comparison to
the SnP@PGc-1, Figure 11) may induce the decay of cycling capacities. The ex situ AT-
IR (Figure 6.5. (b)) indicated the presence of a HPO4 peak and a broad peak in the range
of 600-1400cm™, even after 120sec of microwave irradiation. This indicates inefficient

microwave absorption of SnP@PGc-2 & 3 mixture, to form tin phosphides.
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Figure 6.11. XRD spectra (a) and XPS deconvolution of tin and phosphorous of
SNP@PGc-2 (b, ¢) and SnP@PGc-3 (c, e).

6.3. Conclusion

A single step fabrication approach of SnP@PGc composite via microwave chemistry was
developed. Phosphorous doped carbon network surrounds the SnsP3 nanoparticles of 20nm
in diameter, forming a core shell structure. The SnP@PGc-1 composite exhibited a superior
cycling stability of 515mAhg™? at a current density of 200mAhg? over 750 cycles and
390mAhg* at a current density of 2000mAhg™ over 1150 cycles. The outstanding cycling
performance was attributed to formation of reversible SnsPs; along with decelerated
pulverization (volume expansion) due to presence of wrinkled PGc carbon embedding
porous phosphorous doped carbon shell on tin phosphides. This approach points out
importance of microwave assisted synthesis of SnP@PGc and the use of these materials in

energy storage devices.
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6.4. Experimental method

6.4.1. Material synthesis

SnP@PGc-1: In a typical experimental procedure, required amount of SnCl; (3.32mmol)
was added into a 35ml Pyrex glass vessel (CEM, # 909036). The salt is dissolved by adding
0.5ml of acetone via bath sonicator. To this solution, 5mmol of Ethylene Glycol is added
and further sonicated. 2.72mmol of Phytic acid (Sigma Aldrich, 50 w/w % in water) is
added to the reactor and closed with a Teflon lined cap (CEM, # 909235). The sample is
sonicated again in bath sonicator for 5mins to get a uniform suspension and then is placed
in 500ml glass beaker and covered with a watch glass. The above assembly is now placed
in microwave (Panasonic commercial microwave 1000W) and subjected to microwave
irradiation to 100sec. After microwave treatment, reaction tube is allowed to cool down.
and the resulting product is sonicated with ethanol via bath sonication and then filtered
with 0.8um polycarbonate filter paper (Millipore, ATTP 04700). The products are washed

with water (1000ml) and ethanol (200ml), and is dried in oven at 80°C overnight.

SNnP@PGc-2 and SnP@PGc-3: In a typical experimental procedure, required amount of
SnCl; (2.17mmol) was added into a 35ml Pyrex glass vessel (CEM, # 909036). The salt is
dissolved by adding 0.5ml of acetone via bath sonicator. To this solution, 2.17mmol of
Ethylene Glycol is added and further sonicated. 2.17mmol of Phytic acid (Sigma Aldrich,
50 w/w % in water) is added to the reactor and closed with a Teflon lined cap (CEM, #
909235). The sample is sonicated again in bath sonicator for 5mins to get a uniform
suspension and then is placed in 500ml glass beaker and covered with a watch glass. The
above assembly is now placed in microwave (Panasonic commercial microwave 1000W)

and subjected to microwave irradiation to 80sec. After microwave treatment, reaction tube
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is allowed to cool down and is referred to as SnP@PGc-2. In the case of SnP@PGc-3, the
cooled down sample is further exposed to microwave irradiation for another 20sec and
again allowed to cool down. This step is repeated for one more cycle of 20sec microwave
irradiation. After cooling down, the resulting product is sonicated with ethanol via bath
sonication and then filtered with 0.8um polycarbonate filter paper (Millipore, ATTP
04700). The products are washed with water (1000ml) and ethanol (200ml), and is dried in

the oven at 80°C overnight.

SnP@PGc-4: In a typical experimental procedure, required amount of SnCl> (4.34mmol)
was added into a 35ml Pyrex glass vessel (CEM, # 909036). The salt is dissolved by adding
0.5ml of acetone via bath sonicator. To this solution, 10mmol of Ethylene Glycol is added
and further sonicated. 4.34 mmol of Phytic acid (Sigma Aldrich, 50 w/w % in water) is
added to the reactor and closed with a Teflon lined cap (CEM, # 909235). This sample is
sonicated again in bath sonicator for 5mins to get a uniform suspension and then is placed
in an oil bath and heated for 2hrs at 80°C to make a concentrated solution. The solution is
placed in a quartz boat and then traditionally heated at 500°C for 4hrs. After cooling down,
the resulting product is sonicated with ethanol via bath sonication and then filtered with
0.8um polycarbonate filter paper (Millipore, ATTP 04700). The products are washed with

water (1000ml) and ethanol (200ml), and is dried in oven at 80°C overnight.

PGc: The PGc carbon material is synthesized as described in our previous work®. In brief,
1ml of phytic acid is subjected to 50sec of microwave irradiation. This sample is filtered
with 0.8um polycarbonate filter paper. The product is washed with water (1000ml) and

ethanol (200ml) and dried in oven at 80°C overnight.
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6.4.2. Material characterization

SEM/STEM: The surface morphology of the as synthesized catalyst is characterized via
Scanning Electron Microscopy. (SEM) and the distribution of SnsP3 nanoparticles in the
PGc matrix is analyzed with Scanning Tunneling Electron Microscopy (STEM) using a
HITACHI S-4800 Field emission Scanning Electron Microscope (FE-SEM, Hitachi
Co.Ltd). The SEM sample is prepared by placing the powder on carbon tape which is fixed
to the stud and sample is analyzed by applying a voltage range of 2-5KV, whereas the
STEM sample is prepared by sonicating sample in water (approx. 1mg in 5ml water)for
1min. The as prepared solution is drop casted onto Cu grid mesh size 400, which is vacuum

dried then analyzed at 30KV accelerating voltage.

TEM: The crystal lattice of the SnsP3 nanoparticles are studied using a HRTEM, JEOL
JEM-2100F equipped with CEOS Cs correctors, 200 kV on a 300 mesh Cu grid.

XRD: The crystal structure of nanoparticles was studied using Bruker D8-Eco X-ray
powder diffraction (XRD) instrument which is equipped with a Cu Ko irradiator
(A=0.154056nm). This instrument is interfaced to a computer equipped with Eva-
diffraction suit software for data treatment/analysis. The samples are grounded into fine
powder in a mortar and pestle and then they are filled into X-ray holder which is placed on

stage and the X-ray diffraction collected from 5-45° 20.

EDS: The distribution of SnsP3 coated with porous carbon shell embedded in PGc matrix
is analyzed via Energy Dispersive X-ray Spectroscopy (EDS) mapping. The sample is
prepared by drop casting the slurry of sample onto a Cu tape and allowed it to dry. An

accelerating voltage of 15-20Kv is used to collect the spectra.
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Raman spectroscopy: Raman spectroscopy was collected by depositing the dispersed
samples on anodisc membrane and spectra collected with the instrument Witech alpha 300
Raman spectroscopy. A laser power of 12W with an integration time of 20sec and
excitation laser wavelength of 532nm was used to collect the spectra. A total of 5 spectra

were collected for each sample.

XPS: X-ray photoelectron spectroscopy (XPS) is used to detect the functional state of
dispersed SnsP3 nanoparticles along with that of PGc. The Silica substrate (Silicon Prime
Wafers P type, Boron dopant, thickness 500+/-25u with a resistivity of 0.001-0.005Qcm)
is used for analysis on which the slurry of catalyst was dropped (thickness of approximately
30-50nm). The XPS spectra was acquired using a Thermo scientific K-Alpha system with
a monochromatic Al Ka x-ray source (hv = 1486.7¢v). For data analysis, smart background
subtraction was performed and spectra were fit with Gaussian/Lorentzian peaks using a
minimum deviation curve fitting method (Advantage software package). The Integrated
peak areas along with Scofield sensitivity factor were used to determine the functional

composition.

ATR-IR: The Attenuated Total Reflectance-Infra Red (ATR-IR) spectra was collected by
depositing thin films on a diamond plate and were acquired with a Thermo-Nicolet 6700
spectrometer (ThermoElectron Corp., Madison, WI), using a sample shuttle and a
mercury— cadmium-telluride (MCT) detector. Four blocks of 128 scans each were co-
added with 4 cm™ spectral resolution and two levels of zero- filling so that data was

encoded every 1 cm™.

BET (Brunauer-Emmett-Teller) measurements: The surface area and porosity

measurements of SnP@PGc were carried out at 77 °K using Micromeritics ASAP 2020.
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SNP@PGc sample was dried at 100 °C for overnight under vacuum, prior to measurement.
The pore size was calculated using BJH adsorption-desorption analysis. After BET
measurements, isotherms of the measurement were converted into BET plots and then the
specific surface area of catalyst was calculated using the value of slope and intercept of

linear best fit line and below BET equation.

1 _c—-1.P 1
Q[PO/P) —1] — ome PO T Wme

Here, Q isthe adsorbed gas quantity, Qm is the monolayer quantity of adsorbed gas (N2),
c is the BET constant, P and Pg are the equilibrium and the saturation pressure of

adsorbates at the temperature of adsorption, respectively.

6.4.3. Battery Assembly

Electrolytes are prepared by adding NaPFe into anhydrous solvents (EC/DMC + 10%FEC).
All the solvents were dried by molecular sieve (4A, Sigma-Aldrich) to make sure the water
content to be lower than 5 ppm, which is tested by Karl-Fisher titrator (Metrohm 899
Coulometer). The charge-discharge performances of the electrode materials were
examined by 2032 type coin cells. The tin phosphide composite with carbon black and
sodium alginate dissolved in water were mixed at a weight ratio of 70:15:15 to form a
slurry, which was then pasted on the Cu foil and dried to obtain working electrodes. Pure
Na foil was used as counter and reference electrode. Cyclic voltammetry (CV) testing with
voltages ranging from 0 to 1.5 V under a scan rate of 0.1 mV/s was recorded using a Gamry
1000E electrochemical workstation (Gamry Instruments, USA). All the cells were

assembled in a glove box with water/oxygen content lower than 2 ppm and tested at room
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temperature. The galvanostatic charge/discharge test was conducted on Arbin battery test

station (BT2000, Arbin Instruments, USA).
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